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ABSTRACT

Changes, due to variability and selection, in virulence and 
aggressiveness of Melampsora medusae Thum., a cause of leaf rust in 
poplar, and the inheritance of resistance to this pathogen in the 
hybrids of Populus deltoides Marsh, cultivars were investigated. The 
study, which was conducted under controlled environmental conditions, 
employed detached leaf disks (1.70 cm2) 0f various cultivars raised in a 
rust-free glasshouse, inoculated with a specific .inoculum 
(urediniospores) of _M. medusae and subsequently incubated in Petri 
dishes kept in growth chambers. The host/pathogen reactions were
assessed on a qualitative (basis infection type), or quantitative 
(various t r a i t s  of both timing and severity of disease, including time 
to flecking and production of uredinia, uredinial density, numbers of 
urediniospores produced and disease progress), scale.

Mutation to virulence on a resistant _P. del toi des cv. T-173 
was induced by treatment of urediniospores of an avirulent race (5A) of 
M_. medusae with gamma irradiation. The frequency of mutation was 
maximal (1.69%) at 400 Gy. Natural mutation for virulence on this
cultivar in race 4A was also observed. In a preliminary study, three
races of M_. medusae differed in their sensitivity to increasing levels 
of irradiation. These results are consistent with a gene-for-gene basis 
of the relationship between _M. medusae and. poplars, as the resistance 
gene in cv. T-173 was countered by mutation to virulence of these races.

When inoculated on a series of poplar cultivars,  the radiation 
induced (5), and natural (2), virulent mutant isolates had a
considerably wider virulence spectrum (host range) when compared to
their respective wild types. However on one cultivar (_P. deltoides cv.
7-2), four of the five induced mutant isolates had lost their
virulence. On all the cultivars, although there were differences in
aggressiveness among the mutants, such differences were greater between 
the mutants and wild types.
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On a susceptible c u l t i v a r  (P_. x euramericana (Dode) Guinier 
cv. 1-488), on which the v i ru len t  mutants can arise in nature, the 
v i ru le n t  mutant isolates (both radiat ion induced and natura l) were less 
aggressive fo r  t r a i t s  of disease severi ty but had a re la t i v e ly  shorter 

la tent  period, when compared to the wild type. Possibly, on susceptible 
c u l t i v a rs ,  the increased virulence spectrum in the pathogen is 

associated with reduced aggressiveness, whi le the f i tness of the new 

v i ru len t  mutants on the resistant  c u l t i v a r  depends on the genetic 
background of the host.

When two races of _M. medusae were cultured separately for  11 
seria l generations (asexual) on cv. 1-488, an increase in aggressiveness 
of these races, with an increase in the number of generations of 
cu l tu re ,  was evident on th is  and another c u l t i v a r  (JP. x eurameri cana cv. 
1-214). This indicated the occurrence of host select ion pressure on the 
pathogen biotypes with enhanced aggressiveness, and thus the gradual 
erosion of quant i ta t ive  components of resistance. On cv. 1-488, the
magnitude of increase in uredin ia l and urediniospore numbers of the 
l a t t e r  generation isolates was s l i g h t l y  higher in the isolates that were 
i r rad ia ted  (400 Gy) p r io r  to the commencement of the ser ia l cu l tu re.  
This suggested the possible occurrence of mutations in ,  and thus a 
genetic basis o f ,  observed quant i ta t ive  t r a i t s  in the pathogen.

In a s im i la r  study, when a v i ru len t  race ( rad ia t ion induced or 
natural ) of M_. medusae was s e r ia l ly  cultured fo r  11 generations on cv. 
1-488, although isolates increased th e i r  aggressiveness on th is  c u l t i v a r  
over generations, they exhibited reduced aggressiveness (most t r a i t s )  
when inoculated on cv. T-173. T fn r i l a r l y ,  those isolates cultured on cv. 
T-173, had decreasing trends of aggressiveness on cv. 1-488. Such a 
negative association of aggressiveness trends in the pathogen races on 
certain cu l t iva rs  when se r ia l l y  cultured on other cu l t iva rs  has 
implicat ions in disease control by creating host heterogeneity and thus 
ef fec t ing  a d is rupt ive selection on the population of the pathogen.

When an v i ru len t  race was cultured in mixture with an 

av i ru len t  race (1:1) on a susceptible c u l t i v a r  (1-488), the
aggressiveness of the race mix decreased on the resis tant c u l t i v a r  (T-
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173), with an increase in the number of generations of culture. This 
suggested that,  on the susceptible cultivar, the competitive ability of 
the virulent race (with wider virulence spectrum) was reduced when 
compared to avirulent race (with narrower virulence spectrum). 
Additionally, the aggressiveness of the race mix on the susceptible 
cultivar was less compared to that of pure races, suggesting some form 
of antagonism occurring between the races when mixed. This supports the 
desirabili ty to promote or maintain polymorphism in the pathogen 
population.

Race 4A of M. medusae is avirulent on JP. del toi des cv. W- 
79/307 when incubated at high temperature (26°C/100 uEm~2s-l) or high 
light intensity (17°C/ 700 uEm-2s"l) but virulent at low temperature and 
light intensity (17°C/100 uEm^s“1). When this race was serially
cultured at increasing temperatures (17, 20, 23 and 26°C), isolates that 
were apparently adapted to each of these regimes, and thus virulent at 
higher temperatu res, were obtained. This indicates considerable 
plasticity in the pathogen. Such isolates, particularly from low 
temperatures, exhibited specificity to their 'own' evironment of 
incubation, although high temperature selected isolates were aggressive 
at all temperatures. A similar adaptation in this race to increasing
light intensities of incubation was observed. It is suggested that 
evironment may play an important role in the stabili ty of the 
pathosystem by favouring variability in the pathogen, as a consequence 
of spatial and temporal heterogeneity of the physical environmental 
vari abl es.

When sets of leaf disks of cv. W-79/307 inoculated with a 
temperature-sensitive race of the pathogen, were reciprocally 
transferred daily between compatible and incompatible temperatu res, the 
recognition of incompatible reaction appeared to be an active, 
i rreversible, and more rapid (_c. 15 h) phenomena when compared to
compatibility, which was reversible and relatively slower (_c. 4 days). 
Further, the temperature activated incompatibility, once triggered, was 
epistatic to subsequent potential compatibility of this cultivar with a 
temperature-non-sensitive race of the pathogen.



Resistance (q ua l i ta t ive )  to f ive  races of M_. medusae was 
observed to be simply inher i ted in the FI plants of a cross of JP. 
del to i  des cu l t i v a rs .  I t  was hypothesised as dominant (3 races), 
recessive (1 race) and additive/codominant (1 race), possibly control led 
by a single gene or two genes acting in a complementary manner (except 
wi th the la t t e r  race), depending on the race employed.

In the same group of FI plants, the quant i ta t ive  resistance 
( f ive  t r a i t s )  to two races (v i ru len t  on both parents) appeared to be 
polygenical ly inher i ted .  Considerable transgressive segregation and 
quant i ta t ive  race-spec i f ic i ty  were observed in the progeny. Although
addit ive control of the t r a i t s  was evident, based on the skewness, the 
higher resistance in most t r a i t s  appeared to be recessive to lower
resistance. Similar resul ts  were observed in a fu r ther  three crosses of 
_P. del to i  des cu l t i v a rs ,  however, an in te rac t ion  of major genes with
polygenes was evident in these crosses. A rapid improvement in the 
level of quant i ta t ive resistance and the combining of broad spectrum 
q u a l i ta t ive  resistance (against many races) and high levels of
quant i ta t ive  resistance to some v i ru len t  races, should be possible.

Overall the results indicate a potentia l  in th is  pathogen for  
considerable d ive rs i ty  in virulence and aggressiveness, and the a b i l i t y  
to respond to select ion pressures by host and environment. The
cu l t iva rs  exh ib i t  both qua l i ta t ive  and quant i ta t ive  s p e c i f i c i t y  in 
resistance to the races or isolates (e.g. v i ru len t  mutants) of the 
pathogen. I f  confirmed from f i e l d  studies, these and other observed 
features of the system, could be exploited in disease management by 
deployment of appropriate cu l t iva rs  as mixtures or mosaics. These 

aspects, including v a r ia b i l i t y  in the pathogen for  virulence and 

aggressiveness, the rela t ionship between these parameters, host and 
environmental select ion pressures, the micro-evolution of the pathogen 
and s t a b i l i t y  of resistance, are discussed with reference to the 
experimental resu l ts .
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INTRODUCTION

"  The gods, to console the He ffodes for the Death o f  
their brother Phathon, changed them into poplars  "

(adapted from Ovid-Noveau Duhamel-Paris 1804)



CHAPTER 1

INTRODUCTION

1 . 1 .  THE GENUS PQPULUS

Poplars are important trees, both as commercial plantat ions and as 
ornamentals. The genus Populus (Family Salicaceae) has been recommended 
by the FAO to help meet the increasing timber requirements of the 
growing world (Anon, 1979) and 'represents a s ign i f ican t  component of 

the world 's potentia l  renewable resources fo r  the tw e n ty - f i r s t  century' 
(Thielges, 1984). Due to th e i r  rapid growth rate, high biomass 
synthesis and ease of vegetative propagation, poplars have been planted 
extensively in northern and southern hemispheres (Pryor, 1969; Anon, 
1979), fo r  pulp and wood products including veener, l i g h t  box making 
materia l,  f ib re  boards, safety matches etc. A b r ie f  descript ion of the 
taxonomic d iv is ion  of the genus Populus is presented in Appendix 2.

1 .2  POPLARS IN  A U STR ALIA

Although poplars have been grown in Austra l ia  as ornamental trees since 
mid ninteenth century (Palmberg, 1977), the commercial plantat ions of 
poplars are of re la t i v e ly  recent or ig in  (Brown, 1971). The commercial 
importance of poplars and th e i r  potential  in Austra l ia  are summarised by 
Pryor (1969) and Pryor and Wi l l ing (1982). In Austra l ia ,  although the 
present area under commercial poplar cu l t i v a t io n  is less than 10 000 ha, 
breeding of poplars with high product iv i ty  and disease resistance could 
possibly resul t  in an increase in area under poplar cu l t iva t ion  (Pryor 

and WiH in g ,  1982).
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1 *3  DISEASES OF POPLARS

More than 110 organisms have been reported as pathogenic on Populus 
(Berbee, 1964) and descriptions of some of the important diseases are 
avai lable (Anon, 1979, Thielges and Land, 1976). However, i t  has been 
general ly accepted that leaf rust is ,  by far , the most important disease 
of poplars in northern America, Europe and Australasia (Muhle Larsen, 
1970; Walker et al_, 1974; Pryor, 1976; Thielges, 1984).

1 *4  LEAF RUST OF POPLARS

Leaf rust in poplars, caused by a number of Melampsora species 
(Melampsoracae, Uredinales, Basidiomycetes), is a widely d is t r ibuted 
disease, causing considerable losses throughout the poplar growing 
regions of the world (Anon, 1979; Z i l l e r ,  1965). The three species, 
Melampsora medusae Thum., Melampsora la r ic i -popu l  i na Kleb., and
Melampsora a l 1i i - p o p u l i na Kleb, have been recognised as economically, 
the most important species which in fec t  sections Aigeiros and Tacamahaca 
of Populus and th e i r  hybrids (Shain, 1976). Melampsora medusae (Plate 
1), f i r s t  described by Thuemen (1878), is widely d is t r ibu ted  in the 
Americas and Australasia and causes considerable reduction in growth (up 
to 65%) and is also a threat  to f ib re  production (Toole, 1967; Schipper 
and Dawson, 1974; Thielges and Adams, 1975; Widin and Schipper, 1981). 
The attack of leaf rust on ornamental plants reduces th e i r  aesthetic 
value (Heather and Sharma, 1977).

The i n i t i a l  attack of rust on poplar occurs in early/mid 
summer, and when environmental conditions are favourable for  the rapid 

development of the pathogen, heavy in fect ion is obvious by the end of 
summer. This causes extensive necrosis in the leaves resul t ing in 

premature leaf abcission, and sometimes, complete de fo l ia t ion  of the 
susceptible hosts. Such early de fo l ia t ion ,  apart from causing 
s ign i f ica n t  reduction in growth and y ie ld ,  may also predispose the 
affected trees to secondary problems such as damage by early frosts 
(Peace, 1962) and to other diseases l ike  Dothichiza and Cytospora 
cankers (Anon, 1979). Powdery masses of br ight orange to yel low
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(Reproduced with permission from Singh, 1983).



Plate 1 A young plant of P. X euvameviaana cv. 1-488 bearing 

uredlnla (yellow pustules) of M. medusae on its leaves.
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urediniospores (Plate 1) are seen abundantly, and sometimes exclusively 

on the abaxial surface of the infected leaves. Tel ia may appear la te  in 
summer. The Melampsora spp. causing leaf rust of poplars (except _M. 
aecidioides on Populus alba L . ,  Van Vloten, 1946) are heteroecious ( i . e .  

require an al te rnate host species to complete th e i r  l i f e  cycle) and 
macro-cycl ic ( i . e .  produce a l l  spore types typ ica l  of rust fungi e.g. 
aecio- , u red in io - ,  te le u to - ,  bas id io- , and pycniospores) (Arthur and 
Cummins, 1962). The l i f e  cycle of a typical macro-cycl ic Melampsora, 
causing leaf rust of poplars, is presented in Fig. 1.1. In New Zealand 
the M_. medusae has been recorded in the f ie ld  on Larix spp. and Pinus 
ra d iata D. Don. However in Aus tra l ia ,  the sexual stage has not been 
recorded on any of the accepted al ternate hosts, thus the present study 
is  confined to the uredin ia l  monocycle.

1 .5  LEAF RUSTS IN  AUSTRALIA

Two species, _M. medusae of northern American or ig in  and _M. 1 ari ci - 
populina of European o r ig in  which are the pr incipal  cause of leaf rusts 
of poplars in Australasia are re la t i v e ly  recent introductions (Walker et 
a l , 1974, Van Kraayernoord, 1974). Soon a f te r  i t s  introduction to 
Austra l ia  in 1972, _M. medusae spread to most states in Austra l ia  and 
subsequently to  New Zealand. Together with M_. 1 ari ci -popul i na,
introduced in 1973, i t  caused wide spread damage on many cu l t iva rs  of 
poplars (Walker ^t_ _al_, 1974) and certain clones were v i r t u a l l y  

el iminated from cu l tu re in these two countries (Thielges, 1984). The 
de ta i ls  on e t io logy,  epidemiology, ecology and management options of 
Mel ampsora rusts have been presented by Taris (1968), Shain (1976), 
Siwecki et al (1982) and Heather and Chandrashekar (1982).

1 .6  PREVIOUS STUDIES ON HOST-PATHOGEN INTERACTIONS IN  MELAMPSORA MEDUSAE

Selection and breeding fo r  disease resistance has been recommended as 
the major component of the management of leaf rust caused by Melampsora 
species (Muhle larsen, 1970; Van Karaayenrood, 1974; Shain, 1976; 
Thielges and Land, 1976; Gremmen, 1980; Wi l l ing and Pryor, 1982; Heather 
and Chandrashekar, 1982; Thielges, 1984). Such an approach is promising
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in poplars due to the a v a i la b i l i t y  of res istant  sources, ease of clonal 
propagation, and is recommended also fo r  economic, management and 
ecological reasons.

In a f i e l d  study, Eldridge et_ _al_ (1973) observed that  a 
co l lec t ion  of cu l t iva rs  of poplars, which was introduced in to  Austra l ia  

from d i f fe ren t  provenances of USA (Brown, 1971), exhibited dif ferences 
in the disease reaction ranging from complete s u sce p t ib i l i t y  to

immunity, to _M. medusae. Pryor (1976) has detai led early e f fo r ts  to 
id e n t i fy  and the use of sources of resistance to M_. medusae in
Austra l ia .  Sharma and Heather (1976) reported the occurrence of six
physiologic races in M_. medusae and f ive  races in M_. la r i  ci -popul i na in 
Austra l ia .  Subsequently, Sharma and Heather (1977) reported _M. medusae 
on certain clones of Populus alba L. which had been previously

considered immune to th is  pathogen, and a t t r ibu ted i t  to the possible 
occurrence of a new physiologic race which may have arisen due to a 

mutation. Later, the latent  period of the pathogen on th is  clone was 
found to decrease from 35 to 8 days, suggesting the quant i ta t ive
adaptation of the new mutant race to i t s  new host (Singh, 1983).
Subsequently, Singh and Heather (1982b) reported the occurrence of 
numerous physiologic races of th is  pathogen and thus emphasised the need 
for  precise studies on pathogen v a r ia b i l i t y  to e f fec t ive ly  monitor the 

s t a b i l i t y  of resistance. After  a series of studies (using detached leaf 
disks) invo lving races of M. medusae and cu l t iva rs  of poplars, Singh and
Heather (1982b and 1983) observed considerable differences in the
reaction of cu l t iva rs  of poplars to races of M_. medusae leaf rus t ,  and 
recorded both q u a l i ta t i ve  and quant i ta t ive host-pathogen s p e c i f i c i t y .  
Further, such an in te rac t ion  was sensit ive to environmental variables 

l i k e  temperature, l i g h t  in tens i ty  and photoperiod.

\ X1 T N I NÜB FOR STUDIES ON GENETIC ASPECTS OF HOST-PATHOGEN INTERACTION 

IN  JJU MEDUSAE/PQPULUS SYSTEM

Although there are several reports on the v a r ia b i l i t y  in virulence and 

aggressiveness of Melampsora leaf rusts on poplars, there is no 

information on the nature of changes in these t r a i t s .  In some 
agr icu l tu ra l  plants,  select ion and breeding for  resistance to diseases
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has been a recurring excercise, mainly due to the continuous and
seemingly endless var ia t ion in vi rulence and aggressiveness in
pathogens. This has resulted in the 'boom and bust cyc le ' .  Thus i t  is
important to understand the source, nature and extent of v a r ia b i l i t y  in

the pathogen. This var ia t ion and select ion in nature fo r  improved

paras i t ic  f i tness in the pathogen would have profound impl icat ions in 
disease management using res istant  c u l t i v a rs .  Also, due to the 
environmental s e n s i t i v i t y  of the system (section 1.6), i t  would be of 
s ign if icance to understand the impact of environmental variables (e.g. 
temperature, l i g h t  in te ns i ty )  on the dynamics of the pathogen population 
and th e i r  in te rac t ion  with the host. F in a l ly ,  knowledge of inheri tance 
of resistance (both q u a l i ta t i ve  and quan t i ta t ive )  is useful in devising 
appropriate breeding stra teg ies,  and would have relevance in increasing 
the effectiveness and s t a b i l i t y  of resistance. A h o l i s t i c  understanding 
of the three components of the disease t r iang le  (host-pathogen- 
environment), helps to ensure the s t a b i l i t y  of host-pathogen 
re la t ionsh ip .  This is more pert inent in a perennial crop because of the 
re la t i v e ly  uniform host genotype over t ime.

Genetic studies in th is  system have some major l o g is t i c  
d i f f i c u l t i e s ,  v iz .  1) The sexual stage of th is  pathogen has not been 
reported in Austra l ia  and thus hybr id izat ion among biotypes is not 
possible (the major source of var ia t ion  in the pathogen in f i e l d  is  
probably mutation and other asexual mechanisms). 2) Poplars are 

dioecious perennials with a long generation in te rval  (7-8 years) , hence 
they are impossible to se l f  and time consuming to backcross. Precise 
and extensive genetic analysis beyond the FI generation of the host is  
not feasible w i th in the doctoral time framework. Thus, a degree of 
speculation has been indulged to discuss the present resu l ts .

Some of the constraints of heterogeneity of the host, pathogen 
and environment were overcome by employing an in v i t r o  system using, 
uniform detached leaves and leaf disks from plants grown under 

contro l led condit ions, pure cultures (mono-urediniospore or mono- 
uredinium derived isolates) of the pathogen, and control led physical 

environment fo r  incubation. Hence factors of experimental er ror  were 
reduced to a minimum. Prel iminary resul ts from laboratory studies,
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obtainable in a re la t i v e ly  short t ime, have signif icance, part icu lary  
due to the high labor costs of e f f i c ie n t  programmes in the f i e l d  in 
Austra l ia .  Day (1974) has emphasised the need fo r  such precise 
contro l led experiments in genetic studies of the host-pathogen 
i nteract ion.

Due to the breadth of the aspects of the study, fo r 
convenience, the thesis has been divided in to  three major sections. 

Thus, ' in t roduct ion* has been presented at three hierarch ia l leve ls ,  
whi le 'discussion' is presented at two levels. Minor repet i t ion  of some 
concepts between levels has been unavoidable to retain the independence 
and relevance of th is  discussion. The l i s t  of abbreviations used in the 
thesis has been provided in the beginning of the thesis, and a glossary 
of some terms adopted has been presented in Appendix 1.

Section I focusses on the v a r ia b i l i t y  in _M. medusae fo r  
virulence and aggressiveness, the re la t ionship between these two t r a i t s  
and between aggressiveness t r a i t s  of the races on d i f fe ren t  c u l t iva rs ,  
the host select ion fo r  aggressiveness t r a i t s ,  and the implicat ions of 
these observations in disease epidemiology. Section I I  examines the 

response of a pathogen population to var ia t ions in temperature and l i g h t  
in te ns i ty ,  and considers the implicat ions of such environmental 
s e n s i t i v i t y  in th is  pathosystem. Section I I I  deals with the inheritance 
of q u a l i ta t i v e  and quant i ta t ive  resistance in certain poplar cu l t iva rs  
to d i f fe re n t  races of M_. medusae and examines the relevance of the 
resul ts in the context of disease management through breeding.

Due to the paucity of the l i t e ra tu r e  on genetic studies of 

host-pathogen in te ract ion  in tree crops, much of the ci ted l i t e ra tu r e  is 
from ag r icu l tu ra l  pathosystems.

Note: The terms 'pathogen' and 'host '  used in the fol lowing section 
(1.8) re fer  to M_. medusae and poplars, respective ly.

1 . 8  THE OBJECTIVES OF STUDIES REPORTED IN  TH IS  THESIS

I Investigate the occurrence of v a r ia b i l i t y  fo r  virulence and
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aggressiveness, and examine the possible interrelationship between 
these.

1. To study the possibil i ty of inducing virulent mutations in
races avirulent on a specif ic resistant cult ivar.

2. To compare the virulent mutants and the wild types for
their  reaction on a range of cultivars (virulence spectrum).

3. To study the relationship, between increased virulence spectrum
and the aggressiveness, of the virulent mutants and the wild 
types.

4. To examine whether directional selection is exercised by the
host towards increased aggressiveness on the pathogen.

5. To examine the possible occurrence of association and
disassociat ion of aggressiveness by the races on dif ferent 
cult ivars, and evaluate the competitive ab i l i ty  in the 
mixtures of races di ffer ing in their  virulence spectrum.

I I  Investigate the role of changing environmental variables (temperature 
and l ight intensity) on the host pathogen relationship.

6. To examine the extent of selection pressure imposed by changing
temperatures and l ight intensit ies, on virulence and 
aggressiveness of the population of a race on a cult ivar.

7. To study the timing of activation of temperature induced
in/compatibi l i ty and i ts  possible implication in induced 
resistance.
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III Study the genetics of resistance in the host to the pathogen.

8. To study the inheritance of qualitative resistance in the host
to a range of pathogen races.

9. To evaluate the inheritance in compatible host genotypes of
quantitative components of resistance to the pathogen .
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CHAPTER 2

GENERAL MATERIALS AND METHODS

2 .1  INTRODUCTION

The general techniques and materials used throughout the study are 
described in th is  chapter. However the speci f ic  and minor var ia t ions 
pert inent to each individual study are described in relevant chapters.

An _i_n v i t r o  technique was employed in the study, to produce 

the inoculum of the urediniospores on detached leaves of poplars and 
leaf disks of the cu l t iva rs  were used fo r  the experimental studies. The 

merits and deficiencies of such a system have been discussed by 
Chandrashekar (1981) and Singh (1983). There are several reports which 

describe the comparabi l ity of such an in v i t r o  system with in tac t  plants 
in the f ie ld  fo r  studies on host-pathogen in teract ion (Shain, 1976; 
Wilcoxson, 1976; Eskes, 1983b; Rap pi 1Ty et_ al_ 1981) and in poplar leaf 
rust s i tua t ion  (Denbnovetskii and Basova, 1980). The present system 
employed a high degree of rep l ica t ion  and was conducted under control led 
laboratory condit ions. Thus, although extrapolat ion of results obtained 
from such a system to the epidemiology in f i e l d  conditions can only be 
ten ta t ive  and must be made with caution, i t  permits assessment of the 

precise influence of the treatment variables on the pathosystem in 
absence of the po ten t ia l ly  masking f lu x  of-condit ions in the f i e l d .

2 .2  THE HOST

2 .2 .1  SOURCE OF CULTIVARS OF POPULUS SPECIES

2 .2 . 1 . 1  THE PROPAGATION OF THE CULTIVARS : Shoot cut t ings of a l l  the
cu l t iva rs  used in the study were obtained from the Departments of 

Forestry and Botany, of The Austral ian National Universi ty.  Information 
on the o r ig in  and his to ry  of the cu l t iva rs  is presented in Appendix 2.
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M . 1 . 2  MAINTENANCE OF THE CLONAL PLANTS : The cultivars of Populus 
species were vegetatively propagated as clones. Cuttings (c_. 10 cm
long, 1-2 cm diam.), each having 2 to 3 buds, were in i t i a l l y  disinfected 
(1% sodium hypochlorite solution) for two minutes, washed twice in 
water, the distal end dipped in indole acetic acid (50mg/L) to stimulate 
rooting and planted in fu l ly  expanded, water soaked J i f fy-7 700® peat 
pellet (J i f fy  Products Ltd, Grorud, Norway). The cuttings were kept at 
20+1 °C in a mist chamber with _c. 80% relative humidity, regulated by an 
automatic sprinkler system. After four weeks, when suff icient rooting 
had occurred, the plants were transferred into 15 cm (diam.) plastic 
pots containing vermiculite and perl i te (1:1) (Australian Gypsum, 
Australia) and subsequently maintained in a rust proofed glass house 
(Plate 2.Id) (double door, wet pad f i l t e r - a i r  in let) at 20 *3 °c ancj a 
photoperiod of 16 h l ig h t /8 h dark, regulated by an automatic timing 
device. Leaf rust contamination of these plants in the glass house was 
very rare and eliminated by roguing. The pots were watered twice daily, 
by automatic drip i r r iga t ion,  but additional supplementary watering was 
required during summer. The nutrients were supplied through 0smocote° 
(Sierra Chemical Co, USA), a slow release fe r t i l i s e r  (N:P:K, 18:2.6:10), 
applied once in 2-3 months and a l iquid fe r t i l i s e r ,  Aquasol® (c. 300 
mg/L) (Hortico Pty. Ltd., Australia; contains apart from NPK eight other 
essential elements) applied once a week.

Occasionally white f l ies and two-spotted-mites were noticed on 
the plants and were controlled by applying Temik® 10G (Aldicarb, Union 
Carbide, Australia) and Lane Dipel® HG, a bacterial insecticide 
(Bacillus thuriengisis var. a les t i ) (Roche-Maag, Australia). Residual 
tox ic i ty  of these chemicals were kept to a minimum by applying them only 
when essential and collecting the leaf samples for inoculations at least 
two weeks after the previous application.

The plants were repotted at least once in 12 months and shoots 
were cut back periodically to ensure the supply of leaves of uniform age 
and maturity (_c. 3 months). The positions of the pots were frequently 
interchanged to minimise micro-climatic influences.
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2 .2 .2  SELECTION AND PREPARATION OF LEAVES AND LEAF DISKS FOR INOCULATION

2 .2 .2 .1  SELECTION OF LEAVES OF UNIFORM AGE AND MATURITY: The position of
the leaves on the shoot (age) and the maturity of the shoot on which 
they are borne have a significant effect on the ir disease expression to 
M_. 1 ari ci -popul i na (Sharma jet_ _al_, 1980). Therefore, for a ll the
experimental inoculations, a uniform procedure in which leaves were 
selected only from the central part of shoots of comparable maturity, 
were followed. However, due to the practical problem involved in 
synchronising the ava ilab il i ty  of leaves of a particular maturity, leaf 
age varied between the experiments upto a maximum of 15 days. However, 
within an experiment the maturity of leaf samples from a cultivar varied 
usually by only 2-3 days.

2 .2 .2 .2  TREATMENT OF THE LEAF SURFACE : Certain saprophytic phylloplane 
fungi may hinder the development of M_. 1 ari ci -popul i na (Sharma and 
Heather, 1982), hence the leaves were surface steril ised prior to 
inoculation with the urediniospores. The freshly harvested leaves were 
rinsed in 1% sodium hypochlorite solution for 60-90 sec, subsequently 
washed in three changes of s te r ile  d is t i l le d  water and dried between 
folds of s terile  b lotter sheets. Occasionally, when necessary the 
leaves were stored brie fly  (max 1 h) in polythene bags at -4 °C prior to 
the surface treatment.

2 .2 .2 .3  PREPARATION OF LEAF DISKS : The leaf disks (1.70 cm2) were
carefully stamped from the surface treated leaves, employing a spring 
loaded cork borer(Plate 2.1e), under s te r ile  conditions (Singh and
Heathac., 19J31-)_aruLJeaf disks with major veins were discarded. With
th is technique, the variation in leaf area was less than 0.01 cm2 
(Rayner, 1983). Usually, leaf disks were used immediately or
occasionally stored brie fly  on plastic foam soaked with gibberellic acid 
(10 mg/L) (GA) in sealed plastic Petri dishes at 16*1°^
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Plate 2.1

a. A stand of Popul us del to i  des trees infected wi' ith 
Melampsora medusae.

b. Petri dishes, containing leaf segments inoculated wi th 1 M_. 
medusae, being incubated in control growth cabinets unader 
‘ standard environment1.

c. Mature uredinia of M_. medusae on detached leaf segment of 
_P_. x euramericana cv. 1-488, supported on g ib b e re l l l i c  
acid (GA) solut ion and located in p las t ic  Petri  dishes.,.
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2 *3  THE PATHOGEN

1 . 3 .1  SOURCE OF UREDINIOSPORES : Many races used in the study (races 1A,
2A, 3A, 4A and 5A) (which were derived from single separate
urediniospore; Singh and Heather, 1982b), were obtained from the 
collection of the Department of Forestry, ANU, and were recognised as 
quali tat ively distinct races ( sensu Stakman and Christensen, 1953) by 
their reaction on dif ferentia l cult ivars. Races 4B, 4B1, 4C, 4M1 and 
4M2 were isolated from within race 4A using a leaf replica technique 
(see Appendix 3). Races 7A and 8A were isolated by the author in the 
f ie ld  from an unknown clone of Populus deltoides Marsh, and _P. del toi des 
cv. 60/122, respectively, and are of mono-urediniospore origin. 
Isolation of single spore cultures using a fine tipped glass needle, 
were made as detailed by Singh (1983). Race 5M (1-5) is an irradiated 
mutant series derived from race 5A, isolated by their virulence on P_. 
del toi des cv. T-173, and are mono-uredi ni al in origin (see Chapter 4). 
In addition, certain isolates or populations were used from within these 
races and are described in relevant sections.

2 .3 .2  COLLECTION AND MAINTENANCE OF UREDINIOSPORES HARVESTED FROM 
INFECTED LEAVES : Urediniospores were harvested from infected leaves 
(section 2.5.1) when a majority of the pustules ( > 80%) were fu l ly  
formed, appeared f lu f fy  and exhibited signs of disintegration (Plate 
2.1c). The spores were l igh t ly  scraped (under steri le conditions, using 
a s ter i le  scalpel), placed in a i r - t igh t  plastic vials and dried in vacuo 
at room temperature over s i l ica gel and P205 in a glass dessicator 
(usuallly 24 h each). The drying reduces the moisture content of the 
fresh spores from _c. 80% to _c. 20% (Prakash, unpublished), helps 
maintain the v ia b i l i ty  of urediniospores, and reduces clumping thus 
ensuring uniform deposition across inoculations. For experimental 
inoculations on the leaf disks, the urediniospores were used immediately 
after drying; otherwise they were placed in vials and stored, in a i r 
t ight glass bottles with s i l ica gel in a freezer, at -14 °C. All the 
races were routinely multipl ied on Populus x euramericana (Dode) Guinier 
cv. 1-488 at c. 4 months intervals.
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M  INOCULATION OF LEAVES AND LEAF DISKS WITH UREDINIOSPORES

M . l .  INOCULATION OF DETACHED LEAVES FOR MULTIPLICATION OF
UREDINIOSPORES : Surface treated (section 2.3.2) leaves or leaf 
segments, cut to f i t  with in 10 cm (diam.) Petri dishes, were used fo r  
general m u l t ip l ica t ion  of the urediniospores (Plate 2.1c). The abaxial 
surface of the leaves was inoculated evenly by gently dusting with 

urediniospores using a s te r i l e  scalpel,  and the inoculated leaves were 
placed (inoculated side uppermost) in p las t ic  Petri  dishes containing 10 
ml s te r i l e  g ibbe re l l i c  acid solut ion (GA) (10 mg/L). Occasional ly, i f
hyperparasite (Cladosporiurn spp.) contamination was noticed,,_the
inoculated leaves were fu r the r  s te r i l i s e d  a f te r  48 h, to el iminate such 
contamination (Singh and Heather, 1982).

2*4,2. INOCULATION OF LEAF DISKS : The freshly cut leaf disks from a 
pa r t icu la r  cu l t i v a r  were i n i t i a l l y  shaken in a polythene bag to ensure 
randomisation, and rep l icate  disks and a few cover glasses were located 
randomly on a template in the revolving base of a spore se t t l in g  tower 
(Plate 2.2; Fig. 2.1);  the top of the template was l ined with a wet 
s te r i le  paper (soaked with GA) with spec i f ic  random markings for  
posi t ion of rep l icate  leaf disks of d i f fe ren t  cu l t iva rs .

The spore se t t l in g  tower was constructed of Perspex ( inside
dimensions 23.5 x 23.5 x 116.5 cm length, breadth and height
respectively) and is i l l u s t ra te d  in Fig. 2.1 and Plate 2.2. A weighed
quant i ty of fresh, dry urediniospores (5, 4 or 3 mg) was placed in the 
spore gun and blown into the tower employing an a i r -current  of 70 Kpa 
fo r  30 seconds. The s l id ing  l i d  at the "base of the tower was closed 

i n i t i a l l y  fo r  10 sec to co l lec t  any spore clumps deposited and 
subsequently opened. The urediniospores were allowed to se t t le
uniformly on leaf disks and cover glasses fo r  f ive  minutes. The number 
of spores/unit area was recorded on the coverglasses.

The germinative potential  of the urediniospores was assessed 
by incubating the inoculated coverglasses in the glass Petri  dishes 

containing p las t ic  foam soaked wi th s te r i le  d i s t i l l e d  water (99-100% 
RH), and the germination count was taken a f te r  24 h. The spore was 
considered to have germinated i f  the germtube was as long as i t  was 
broad (Omar, 1978). Between successive inoculat ions, the tower was
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Plate 2.2 The spore s e t t l in g  tower employed to inoculate leaf disks of 
poplar cu l t iva rs .  A - spore gun. B - revolving base.
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Figure 2.1 Diagram of the spore se t t l ing  tower employed to inoculate 
leaf disks of poplar with uredi niospores of _M. medusae 
(Reproduced from Sharma _et_ j3_l_, 1980).
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washed with 70% ethanol, cleaned with s te r i l e  b lo t ters  and blown dry, 

and when not in use, i t  was maintained in a s te r i le  room l i t  with UV 

lamps. Prel iminary studies using _P. x euramericana cv. 1-488, 
demonstrated that th is  method prevented in te r - ra c ia l  contamination of 
the urediniospores in successive inoculat ions. The method was 
sat is fac to ry  fo r  routine assesment of disease phenotype, due to the 
uniform deposit ion of the spores [va r ia t ion  in the deposition of the 

spores wi th in and between incoulat ions non s ign i f ican t  (P > 0 .05)] .  
Occasional ly, when th is  c r i te r io n  of un iformity was not met, inoculat ion 
was repeated on separate sets of leaf disks. Uniformity in 
urediniospore deposition is essential in precise comparisons of disease 
t r a i t s ,  p a r t i c u la r ly  those measuring disease severi ty. The. levels of 
appropriate rep l ica t ion ,  inoculum dosage and timing of exposure to the 

inoculum were adopted fol lowing preliminary studies (Chandrashekar, 
1981; Omar, 1978; Rayner, 1983; Singh, 1983).

2.5 INCUBATION OF LEAVES AND LEAF DISKS

2.5.1 INCUBATION OF LEAVES : Inoculated leaves used fo r  production of 
urediniospores, were f loated on g ibbere l l ic  acid (section 2.4.1) in 
p la s t ic  Petri  dishes (10 cm) and incubated in control growth cabinets

(Plate 2.1b), at '16±i °cs 100±10 UEnr^s“ ! ,  16 h photoperiod1, referred
to hereafter as 'standard environment1. The g ibbere l l ic  acid solut ion 
was replenished usual ly a f te r  10 days. To produce the source inoculum 

fo r  a l l  studies, the races were mult ip l ied on _P. x euramericana cv. I -  
488, a universal suscept to a l l  races of M_. medusae (Singh, 1983).

Because of the demonstrated environmental s e n s i t i v i t y  of th is  
pathosystem (Singh and Heather, 1982 b and c, and 1983), th is  'standard 

environment' was used throughout the study (unless indicated otherwise) 
in the m u l t ip l i c a t io n  of the uredi niospores and to assess the disease 

phenotype in sections I and I I I .  This 'standard environment' is
suitable fo r  uniform and maximal disease expression, thus enabling
comparative examination of the related experiments in the study. Day 

(1974) has detai led the need fo r  use of optimum uniform environment in 
genetic studies of host-pathogen re la t ionship .
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1.1.1 INCUBATION OF LEAF DISKS : Inoculated leaf disks were placed on 
p las t ic  foam, which was thoroughly soaked with GA, located in divided 
Petri  dishes (Plate 2 . I f )  and incubated i n i t i a l l y  for  24 h in dif fused

l i g h t  (30-50 yEm-2s- l } 16+i °c, 16 h photoperiod). These conditions 
ensured uniform, maximal germination and subsequent penetration of leaf 
disks by germ tubes (Singh and Heather, 1982c; Prakash, unpublished). 
Subsequently, the Petri dishes were incubated in 'standard environment' 
in control led growth cabinets (Plate 2.1b) (L. B. Phytotron, CSIRO)
(Morse and Evans, 1962) l i t  with cool f lourscent tubes (Phi l ips®, 
Austra l ia) (Plate 2.1). The posit ions of the Petri  dishes in the 
chamber were random and changed every two days fo r  f i r s t  eight days of 
incubation. The temperature readings were taken da i ly  (rec.orded on a 
thermograph and a thermometer) and l i g h t  in tens i ty  was recorded using a 

LI-700® Photometer (LI-COR, USA), which was cal ibrated pe r iod ica l ly .

1,6 OBSERVATIONS ON DISEASE EXPRESSION/PHENOTYPE

2.6.1 QUALITATIVE ASSESSMENT : The qu a l i ta t ive  observations on disease 
phenotype were recorded at the end of the disease monocycle (time from 
inoculat ion un t i l  the apparent cessation of uredinial production and 
when majori ty of the uredinia show signs of d is in tegrat ion) (Fig. 2.2) 
on an In fect ion Type (IT) scale, 0 - 4, of increasing disease severi ty 
(Plate 2.3 ),  v i z . ,

0 - immune; no macroscopic symptoms
1 - res is tant ;  necrot ic and/or ch lorot ic  f lecks only

2 - moderately susceptible; few and or small uredin ia, 
sometimes surrounded by necrot ic f lecks

3 - susceptible; many medium sized uredinia or few large 
sized uredinia

4 - highly susceptible; large number of uredinia showing 
extensive sporulation

Sometimes, in addit ion, an IT of la was adopted to indicate a res istant 
reaction (IT - 1) accompanied by very few (two to three) minute uredinia 

per leaf disk, while ' b‘ indicates re la t i v e ly  larger uredinia w i th in  the
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Figure 2
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IT class. An addit ion of + sign to an IT value indicates the presence 

of numerous necrotic spots.

An IT of 0 - 1 was considered res is tan t /av i ru len t  ind icating 
incompat ib i l i ty  ( - ) ,  whi le an IT 2 - 4 was classed suscept ib le /v i ru len t  

ind ica t ing compat ib i l i ty  ( + ), reaction. The IT 2-4 scale, in a l im i ted 
sense, also indicates an increasing aggressiveness in terms of disease 

severi ty of the iso late of the pathogen or a decreasing resistance in 
the c u l t i v a r  of the host. Virulence Spectrum indicates the number of 

c u l t i v a rs ,  wi th in a group of d i f fe re n t ia l  c u l t iva rs ,  on which a race or 
iso la te  of the pathogen was recorded as v i ru le n t  (IT, 2-4).

2.6.2 QUANTITATIVE ASSESSMENT : In a typ ica l  monocycle (Fig. 2 .2 ) ,
several measurements of disease expression can be made. These can be 
broadly c lass i f ied  into 1) those denoting t iming of disease expression 

or rate of disease progression 2) those ind ica t ing severi ty or amount of 
disease produced. In th is  thes is , terms on components of the monocycle 
adopted are as described by Teng and Close (1978). The disease 
phenotype is a product of in teract ion of host and pathogen genotypes 

(F lo r ,  1956). Thus, to maintain relevance in the discussion, in cases 
dealing with the v a r ia b i l i t y  in the pathogen on a spec i f ic  host, the 
var ia t ion  in disease phenotype is referred to as aggressiveness, and in 
those dealing with v a r ia b i l i t y  in host with speci f ic  pathogen race, i t  
is  referred to as a component of resistance. Importance of some of 
these t r a i t s  of aggressiveness in’ quant i ta t ive  aspects of host-pathogen 
re lat ions and in epidemiology, has been detai led (e.g. Johnson and 
Taylor, 1976; Zadoks and Schein, 1979; Teng and Close, 1978; P a r le v l ie t ,  

1979; Kranz, 1983). The term 'aggressiveness' used in the study is the 
quant i ta t ive  measurement of the various t r a i t s  of disease expression on 
a speci f ic  c u l t i v a r  or cu l t iva rs  and does not necessari ly imply lack of 
s p e c i f i c i t y  as suggested by Vanderplank (1968) or Robinson (1976). For 

reasons of brev i ty ,  abbreviations of these t r a i t s  and other parameters 
are used throughout the thes is . The fo l lowing general quant i ta t ive  

parameters have been adopted, but the choice of speci f ic  parameters 
varies between studies and has been specif ied in each chapter :



INFECTION TYPE
31 2 4

Plate 2.3 Leaf disks showing representa t ive  In fec t ion  Type (IT )  leve ls  

on a 0 - 4 scale of increasing disease seve r i ty .



25

2 .6 .2.1 INCUBATION PERIOD (DAYS) TO FLECKING (IPF) : Time between
inoculat ion (ta) and appearance of f lecks (td) (Fig. 2 .2 );  f lecks are 
loca l ised ch lo ro t ic  or necrotic areas, the ea r l ies t  v is ib le  symptoms of 
disease. IPF was recorded on indiv idual leaf disks in a pa r t icu la r

treatment and the mean computed.

2.6 .2 .2  LATENT PERIOD (DAYS) TO PRODUCTION OF THE FIRST UREDINIUM (LP1)
: Time from inoculat ion (ta) to the appearance of the f i r s t  well

developed uredinium (te) (Fig. 2. 2); usual ly many uredinia erupt 
together on th is  day. Mean LP1 was computed from observations of
ind iv idual rep l icate  leaf disks in a pa r t icu la r  treatment; an important 
t r a i t  which re f lec ts  the rate of disease progression (Parlevl.i e t , 1979).

2.6 .2 .3  LATENT PERIOD (DAYS) TO PRODUCTION OF 50 PER CENT UREDINIA 
(LP50) : Time from inoculat ion (ta) to the production of 50 per cent 
uredinia (between te and t f  in Fig. 2.2) recorded at the end of the 

monocycle. Number of uredinia produced per leaf disk recorded da i ly  and 
LP50 calculated fo r  each disk and mean LP50 computed.

2 .6 .2 .4  UREDINIA PRODUCED PER LEAF DISK (ULD) : Number of uredinia was 
recorded at the end of the monocycle on ind iv idual rep l ica te  leaf disks 
and mean ULD computed. As f ixed inoculum load was used w i th in  a study, 
ULD re f lec ts  the in fec t ion or disease e f f ic iency and thus again i t  is an 
important t r a i t  (Nelson, 1979). The cumulative to ta l  uredinia was 
employed because observations in the middle of the monocycle might not 
cor rec t ly  ind icate the re la t ive  s u s c e p t ib i l i t y /  aggressiveness of the 

host-pathogen complex (Vanderplank, 1978).'

2 .6 .2 .5 . UREDINIA PRODUCED PER DAY (UPD) : Number of uredinia produced 
at the end of monocycle (ULD) was divided by the length of the monocycle 
( in  days) fo r  each repl icate  leaf disk, and mean UPD computed. This 
t r a i t  re f lec ts  the rate of disease progression and pa ra l le ls  the ' ra te  
of in fe c t ion '  r detai led by Vanderplank (1963, 1968).

2.6 .2 .6  UREDINIOSPORES PRODUCED PER SQUARE MILLIMETRE OF LEAF AREA (USM)
: This t r a i t  combines the in teract ion of in fec t ion  e f f ic iency  (ULD) and 
the fecundity of the pathogen on a spec i f ic  host (USU), and is a
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cumulative value which may depend on the age of the pustules. The 

estimation of USM and USU is described in section 2.6.2.8.

2 .6 .2 .7  UREDINIOSPORES PRODUCED PER UREDINIUM (USU) : This t r a i t
re f lec ts  the fecundity of the pathogen on a spec i f ic  host in a given 

environment. I t  is also a cumultive value; although a very useful 
t r a i t ,  i t  needs careful in te rpre ta t ion  as i t  has been observed to be 

negatively correlated wi th uredinial density (Prakash, unpublished), and 
thus precise comparision of USU among treatments is more val id  when the 

ULD of the treatments do not d i f f e r  widely.

While IPF, LP1 and LP50 ind icate the t iming of disease 

expression or rate of disease progression, ULD, USM and USU denote the 
extent of disease severi ty or amount of disease produced.

2 .6 .2 .8  ESTIMATION OF USM AND USU : These two t r a i t s  were measured at 
the end of the monocycle, a f te r  f ina l  ULD has been recorded. Two 
batches of f ive  leaf disks randomly selected from a par t icu la r  treatment 
were transferred into s te r i le  McCartney bott les containing 5 ml of 
s te r i l e  0.1% agar solut ion (w/v) (Difco Agar). This solut ion contained 
Tween-20® (Polyoxy ethylene sorbitan monolaurate, ICA American Inc . ,  
W i l l ing ton ,  USA), a wetting agent, at the rate of 3-4 drops per l i t r e .  
The urediniospores were dislodged into the solut ion by ag i ta t ing the 
bo t t le  vigorously on a mechanical shaker (w r is t -ac t ion  type shake, c_.

120/sec) at 16+i °q# Spore counts from th is  suspension were made using a 
haemocytometer (Neubauer Counting Chamber) and six random counts per 
bo t t le  were made (each count a mean of ' four squares), giving twelve 
rep l icat ions per treatment in a l l  studies except in chapter 14 where 
only f ive  leaf disks were used ( f ive  re p l ica t ion s ) .  The number of 

urediniospores in the suspension was estimated (Sheridan, 1976) by using 
the fol lowing formulae:

Number of spores/ml = Number of spores in 4 corner squares x qqq

4 (= number of squares)

2 .6 .2 .8 .1  ESTIMATION OF USM : From the above equation (section 2.6.2.7) 
the number of uredi niospores produced on f ive  leaf disks (= number of
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urediniospores in 5 ml solut ion) was calculated and USM computed as 

fo l lows :

USM = ________Number of spores in 5 ml solut ion____________________

5 x 170 (= leaf area in mm2 used in preparing 5 ml solut ion)

Mean USM was calculated from the repl icate  bott les fo r  each
treatment.

2 .6 .2 .8 .2  ESTIMATION OF USU : The USU was computed per bott le  as

USU = Number of spores in 5 ml solut ion 
Number of corresponding uredinia

The mean USU was calculated fo r  repl icat ions w i th in a
treatment.

2.7 STATISTICAL ANALYSIS OF DATA

The quant i ta t ive data of disease expression were analysed with suitable 
s ta t i s t i c a l  too ls ,  using a computer package, GENSTAT (General
S ta t is t i c a l  Program) (Alvey et_ al_, 1982) on a UNIVAC 1100/82 computer,
Computer Services Center, The Austra l ian National Univers ity . The
progeny frequency d is t r ib u t io n  was tested fo r  goodness of f i t  to a
normal d is t r ib u t io n ,  and skewness and kurtos is was computed, on the MPL 
(Maximum Likelihood Program) computer package (Ross, 1980) with UNIVAC 

computer (Chapter 14). The graphic presentation of some of the data were 
made on^LISA APPLE computer, while a few figures were drawn by hand; 

thus the var iat ions in s ty le  of presentation of the f igures.

2.7.1 ANALYSIS OF VARIANCE : Analysis of Variance (ANOVA) was used to 
p a r t i t i o n  the var ia t ion due to the treatment components and th e i r  orders 
of in te rac t ion .  The basic assumption of ANOVA, normality of the 
d is t r ib u t io n  of errors and the homogeneity of variance 
(homoscedastici ty) (Neter and Wasserman, 1974) were tested by examining 
the residual scatter plots (with a MACRO sub-package of GENSTAT) and i f
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deviant, data were subjected to sui table transformations (usual ly square

root or loge transformations) to su i t  the above requirements. The 
transformed data reduces the errors due to scal ing.

In the ANOVA involving f ixed model experiments, when the 
in teract ion term (s) were s ig n i f ica n t ,  in teract ion degrees of freedom 
and sum of squares were added respectively to the residual degrees of 
freedom and sum of squares, and the variance ra t io  fo r  the major factors 
were recalculated. This adjustment permitted the discussion of the
sign if icance of ind iv idual major factors despite the signif icance of the 
in te rac t ion  terms (Chandrashekar and Heather, 1981; R. Cunningham, pers. 

commun. ). The de ta i ls  of ANOVA in the thes is ,  are presented as mean sum 
of squares (MSS) in some chapters, whi le in other instances, variance 
ra t io  (VR) is also presented.

2 .7 .2 . TESTS OF SIGNIFICANCE : The variance rat ios in the ANOVA were 
tested fo r  th e i r  signif icance by F te s t ,  while the signif icance of 
dif ferences between treatment cel l  means (mult ip le comparison) were 
tested by a Least S ign i f icant  Difference (LSD) tes t ,  using the value of 
standard errors of di f ference from the appropriate in te ract ion  component 
(Steel and Torr ie ,  1960), and two- ta i led student's 11* value with a 
p robab i l i ty  level of P=0.05 (except in Chapter 10).

2.7.3 DISEASE PROGRESS CURVES : The indiv idual regression curves of 
disease progression were constructed (using untransformed values) from 
dai ly  observations of uredin ia l numbers per leaf disk (usual ly commenced 
two days a f te r  the date of eruption of f i r s t  uredinium) over the length 

of the monocycle. These curves were f i t t e d  (Sharma _et_ _al_ , 1980) 

employing the fo l lowing model:

y-j = bg + bi xi + b2Xi^ + ei

Here, y-j ] s the f i t t e d  disease level on day x-j # and the best 
f i t  was decided on the maximal coe f f ic ien t  of determination obtained. 
Such comparisons el iminate the p o s s ib i l i t y  that differences in disease 
severi ty between any two treatment means are an ar tefact  of the time at 
which the disease was assessed.
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2.7*4 THE REGRESSION ANALYSIS : The regression analysis was performed by 

least  squares method using GENSTAT language and the re lat ionship between 
any two variables was tested by deviat ion method of the regression 
analysis (Neter and Wasserman, 1974) which involves f i t t i n g  models 
beginning with a l inear  model and tes t ing the sign if icance of deviat ion 
wi th higher models, and the model chosen as appropriate was that which 

would best explain the var ia t ion in data.

Other addit ional s ta t is t i c a l  techniques adopted are detai led 
in the pert inent chapters. __



SECTION 1

these mutable and treacherous creatures 
-  a plant breeder’s comments on fungi



SECTION I

V A R IA B IL IT Y  ANO SELECTION IN  MELAMPSORA MEDUSAE FOR VIRULENCE 

AND AGGRESSIVENESS ON POPLAR, AND A STUDY OF THE 

RELATIONSHIP BETWEEN THE TWO PARAMETERS

-  A SUMMARY OF BACKGROUND LITERATURE

CHAPTER 3

INTRODUCTION

V a r ia b i l i t y  in plant pathogens has been recognised since early th is  

century (Eriksson, 1894; Barrus, 1911). Stakman and Piemeisel (1917) 

c lea r ly  established the concept of physiologic races in Puccinia 
graminis Pers. t r i t i c i  Erikss. and Henn. of wheat, i . e . ,  forms within a 
pathogen species which are morphological ly al ike but which d i f f e r  in 
th e i r  virulence reaction w i th in a set of host cu l t iva rs .  Subsequently, 
such v a r ia b i l i t y  fo r  q u a l i ta t ive  host s p e c i f i c i t y  was recognised in many 
plant pathogens, and detai led genetic studies have been made in some 
instances; see reviews by F lor ,  1956 and 1971; Hooker and Saxena, 1971; 
Day, 1974; Webster, 1974; Burnett,  1975; and McIntosh and Watson, 
1982.

Co-evolution of the host and i t s  pathogen has been postulated 
in those systems which fol low a gene-for-gene re la t ionship ,  where each 
gene fo r  resistance in the host in te racts  with a corresponding gene fo r  
virulence or avirulence in the pathogen (Mode, 1958; F lor ,  1971; 
Leonard, 1977). Consequently attempts to control plant diseases by the 
use of res is tant host genotypes can resu l t  in frequent, and some times 

spectacular, sh i f ts  in the racial composition of the population of plant 
pathogens i . e .  the s p e c i f i c i t y  in the host-pathogen re lat ionship results 

in selection pressure by the host genotype on the mixture of biotypes 
making up the population of the pathogen. In crop plants, Johnson
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(1961) has referred to this as 'man guided evolution of the plant 
pathogens'. Although, in certain host genotypes resistance has remained 
stable over time, the economic consequence of the loss of effectiveness 
of resistance genes in some crops due to the shifts in pathogen 
populations, are well known (Vanderplank, 1968; Watson, 1970; Marshall, 
1977).

Thus, an understanding of the aspects of changes in pathogen 
behaviour, including the mechanisms by which pathogens generate 
variabili ty for virulence and aggressiveness, the effect of increased 
virulence spectra on the aggressiveness and fitness of the isolates, and 
the host selection patterns for increased aggressiveness on the 
pathogen, may assist in identifying those strategies Of disease 
management through host resistance that are likely to be stable. In a 
perennial crop like poplar, where genetic manipulation of the host is 
laborious and time consuming, rendering the identification of specific 
genes for resistance difficult ,  precise studies on genetics of pathogen 
can be rewarding in studying indirectly the host behaviour for disease 
resistance. Kinloch (1982) commented 'more rapid progress in gene 
identification might be made by shifting the focus of genetic analysis 
from hosts to pathogens, which can be genetically manipulated with much 
lower investment in time, space and cost ' .

o f
A review of someAthe studies and concepts on genetic basis of 

variabili ty in fungi, genetic control of virulence and aggressiveness, 
the gene-for-gene theory, the relationship between virulence spectrum 
and the aggressiveness, and on coevolution of the host pathogen system 
has been provided separately in Appendix 4. Here only the relevant 
points have been summarised.

Variation is essential for survival to the fungi in a changing 
environment. Mutation is the ultimate basis of most observed genetic 
variation. Both spontaneous and induced mutants for virulence have been 
reported in other rust fungi, although the li terature on changes from 
virulence to avirulence is lacking. Forms of asexual mechanisms 
generating variabil i ty,  e.g. heterokaryosis, mitotic recombination etc. 
are known also to contribute to the variability in fungi. In some well 
studied pathogens, avirulence has usually been observed to be controlled
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by single dominant genes, often in te rac t ing  with dominant resistance 

genes in the host, on a gene-for-gene basis. There are l imi ted reports 
on the genetic control of aggressiveness in plant pathogens, and on the 
role of th is  fac tor  in the evolut ion of the pathogen. However, 
dif ferences in aggressiveness t r a i t s  w i th in  and between races have been 
noticed in many plant pathogens, and in some rusts, races or biotypes 
exh ib i t ing c u l t i v a r  s p e c i f i c i t y  fo r  aggressiveness t r a i t s  have been 

observed. Some plant pathogens have been observed to be more aggressive 
on the c u l t i v a r  on which they were isolated suggesting a degree of 
adaptation by the pathogen on those c u l t iva rs .  Some studies have shown 
that races with a broader virulence spectrum are less aggressive on 

certain cu l t iva rs ,  whi le cer ta in studies have shown the reverese. There 
are fewer studies on the microevolut ion of the pathogen in various host 

environments. Most authors agree tha t ,  in an association of host and 
pathogen, both inf luence each other thus resu l t ing in coevolution. In 

th e i r  theoretica l models, some authors have shown that when hosts and 
pathogens in teract  on a gene-for-gene basis, s t a b i l i t y  can be
maintained. However, in other models, few authors have shown, that non
speci f ic  or addit ive in te ract ion  between hosts and pathogens can resul t  

in s t a b i l i t y .  For de ta i ls  and references on these points, the reader is 
referred to the Appendix 4.



CHAPTER 4

RESPONSE TO GAMMA IRRADIATION, INDUCED AND NATURAL 

VIRULENT MUTATIONS IN MELAMPSORA MEDUSAE

4 .1  INTRODUCTION

Mutations are the mainstay of genetic research. Since Muller (1927) 
showed that mutations can be a r t i f i c i a l l y  induced by usi.ng X rays, 
detai led analysis of the hereditary behaviour in organisms have been 
conducted through mutagenesis and, p a r t icu la r ly  in microorganisms, much 
of our knowledge in genetics is derived from a r t i f i c i a l l y  induced 
mutants.

In plant pathogens, mutation to virulence has been observed to 
occur spontaneously (Watson, 1957; F lo r ,  1958; Day, 1974) and has also 
been induced a r t i f i c i a l l y  using i r ra d ia t io n  (UV, X rays, gamma rays and 
neutrons) and certain chemicals (EMS and NTG) (Keit and Boone, 1954; 
Baker and Teo, 1966; Teo and Baker, 1975; Simons, 1979). Many workers 
have advocated the use of a mutational approach in genetic studies of 
plant pathogens (Day, 1968, 1974; Day et_ aj_, 1983; Rowell et_ a]_, 1963; 
Teo and Baker, 1975; Simons, 1979). However, Day (1979) has commented 
th a t ,  mutants in plant pathogens have had surpr is ing ly  l i t t l e  ef fect  in 
fu r ther ing  our understanding of the pathosystem.

The major problem with a r t i f i c i a l l y  induced mutation is the 
r isk of producing po ten t ia l ly  destruct ive new races and the possible 
escape of these in to  the f i e l d ,  thus defeating the very purpose of the 
study (Day, 1974; Kwon and Oh, 1977; Simons, 1979). However, with a 
careful approach and str ingent precautions, and when conducted under 
contro l led, a r t i f i c i a l  condit ions, induced mutation to virulence has a 
vast potential  to contr ibute to our understanding of genetic behaviour 
of pathogens (Kwon and Oh, 1977), and possibly is less r isky when 
compared to studies with genet ical ly engineered plant pathogens.

Flor (1958 and 1960) suggested that mutation to virulence in 

the pathogen is as important as mutation to resistance in the host.
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Some authors have suggested that,  if new races of pathogens could be 
produced experimentally before they occur in nature, they could, in 
theory, be used to screen host populations in advance of the natural 
occurrence of such races (Kwon, 1974).

Also, an association between the rates of natural mutation and 
induced mutation for virulence has been observed in some rusts (Flor, 
1958). Thus, knowledge of the relative mutation rates of specific genes 
for virulence could be useful in choosing those resistance genes in the 
host against which mutation to virulence in the pathogen occurs at 
lowest frequency (Brock, j_n_ Kwon and Oh, 1977; Luig, 1978a); hence 
helping to discern the stable and labile loci in the pathogen (Zadoks, 
j_n_ Kwon and Oh, 1977).

In Australia, Me Intosh (j_n_ Kwon and Oh, 1977) was able to 
supplement, by induced mutagenesis, the combinations of virulence genes 
available in culture collection, thus improving the efficiency in 
selection of broad spectrum resistance in wheat to P_. graminis f.sp. 
t r i t i c i . A similar strategy was adopted by Notteghem (1977) in rice 
blast disease. Parlevliet (1983b) has stressed the necessity for use of 
individual pure races of pathogen with broad virulence spectrum, as 
opposed to mixtures of races, to identify broad spectrum host 
resistance,.  An important problem with using hypersensitive type 
resistance to control diseases, is the inability to determine the degree 
of susceptibility a cultivar will have when a compatible race of the 
pathogen arises (Clifford, 1974). According to Parlevliet (1983a), 
ideally the cultivar should have many major genes embedded in a 
partially resistant or slow rusting background. Induced mutations can 
help to assess, under carefully controlled conditions, the residual 
effect of background resistance of such cultivars carrying 'defeated' 
major genes.

Apart from practical uses, induced mutation can contribute to 
our fundamental knowledge of plant pathogens, and of their relationship 
with the host. For example, Schwinghamer (1959), from studies on 
induced mutation to virulence in Melampsora 1 ini (Pers.) Lev. by X 
radiation, by observing the kinetics of dose-frequency curves, suggested 
that mutation resulted from deletion of chromosomal segments carrying
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avimlence genes. This information led Pryor (1977 ) to suggest that 
virulence results from loss of function in the pathogen and thus, 
emphasised the importance of 'cost of virulence' in pathogen, which has 
obvious implications in evolution of the pathosystem (Leonard, 1977). 
Similarly, Ellingboe (1978), suggested the positive recognition of 
avirulence alleles in an incompatibility system from studies on 
temperature-sensitive mutants (Gabriel _et_ _al_, 1979); this has
signficant evolutionary and epidemiological implications (Parlevliet, 
1983a). Flor (1960), using two of the virulent mutations induced by 
Schwinghamer, demonstrated the linkage of Ap, Ap2 and Ap3 loci in M_.
1 i ni .

Rowell et_ aj_ (1963) used the mutational approach to derive a 
virulent (isoline) from an avirulent line of P_. graminis f. sp. t r i t i c i ; 
this enabled them to construct, and demonstrate for the f i rs t  time, a 
'quadratic check', which has been much used to understand the host- 
pathogen relationship (Martin and Ellingboe, 1976; Ellingboe, 1977, 
Sidhu, 1975). Luig (1978b) by treatment with Ethyl Methane Sulphonate 
(EMS), a chemical mutagen, demonstrated the linkage of two avirulence 
genes in P_. grami nis f.  sp. t  ri t i  c i . Mutations have also been induced 
to obtain colour markers, which faci l i ta te  race mixture studies (Brown, 
1975; Falahati-Rastegar jet _al_, 1983). From a practical view point, 
induced mutation to virulence has a potential use in the control of 
plant weeds using pathogens with broad virulence spectrum and high 
aggressiveness (Leonard, 1982). Induced mutation For avirulence has 
potential applications in induced resistance or cross protection of the 
plants against potentially virulent races of the pathogen (Kuc, 1983). 
The mutational approach has also been employed to produce fungicide 
insensitive biotypes of the pathogens, faci l i tat ing studies on stabili ty 
of various fungicides (F ry _et_ _al_, 1984; Joseph and Coffey, 1984).

The current work on ar t i f ic ial  induction of virulent mutation 
in M_. medusae was undertaken, because of the proposed relevance of the 
mutation as a predominant source of variability in this pathogen at 
Australia (Appendix 4), to estimate the frequency of induced mutation 
rate, and for possible use of the mutant isolates (as near isolines of 
the wild type avirulent race thus minimising the effect of other 
background genes; Leonard, 1977) in further epidemiological studies, and
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in the study of inheritance and selection of broad-spectrum host 
resistance (Section I I I ) .

Mutation studies employing gamma irradiation necessitates 
preliminary studies on radiosensit ivity of the organism, to estimate 
lethal doses and to f i x  dosage l imits for subsequent routine mutation 
work (Schwinghamer, 1958). Although spore germination has been adopted 
as a cr iter ion to assess such survivabil i ty in certain other fungi («won 
and Oh, 1977), prior studies with M_. medusae showed that urediniospore 
germination was not a suitable cr iter ion to predict infection survival 
in this fungus (Appendix 5).

This chapter reports the radiosensitivity of three races, 1A, 
4A and 5A, of M_. medusae to increasing levels of gamma irradiat ion, 
(assesed by incubation period to flecking and uredinial survival; Expt. 
4.1), radiation induced mutation frequency of race 5A (Expt. 4.2), and 
occurrence of spontaneous mutation for virulence on _P. deltoides cv. T- 
173 (Expt. 4.2) in race 4A of M. medusae .

4*2 MATERIALSj m  METHODS __

The races employed in the study are virulent on P_. x 
euramericana cv. 1-488 (a universal suscept) on which they produce 
numerous uredinia with copious sporulation but they are avirulent on P. 
del toi des cv.T-173;

4*2,1 SPORE MULTIPLICATION AND IRRADIATION : Cultures derived from 
single urediniospores of M_. medusae, races 1A, 4A, and 5A were used in 
the study assessing sensit iv i ty  to gamma irradiation (Expt. 4.1) and of 
races 4A and 5A in the study of mutation rate (Expt. 4.2). Race 1A was 
not available for use in the la t te r  study due to insufficient inoculum. 
Uredi niospores were produced j_n_ vi t ro under controlled conditions of 
a r t i f i c i a l  l ight and temperature, on detached leaves of P. x 
eu ramericana cv. 1-488 (section 2.5.1.; Chapter 2). For gamma 
ir radiat ion, 30 mg of freshly harvested uredi niospores (_c. 80 % spore 
water content), of each race sample contained in separate glass vials 
were rotated on a turntable during exposure to a Co60 source, 4.8 Grays
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(Gy) per minute, fo r  spec i f ic  periods, at room temperature, to obtain 

100, 200, 400, 600, and 1000 Gy (10 Gy = 1 kR) of exposure. Spore water 
has been shown to a ffect ra d iosens i t iv i ty  and mutation frequency in some 
other fungi ,  including M_. 1 i ni and P_. grami ni s f .  sp. t r i  t i c i
(Schwinghamer, 1958 and 1959). Non-irradiated spores served as a
contro l .  Subsequently the spores were dried in vacuo over s i l i c a  gel 

(12 h) and p205 ^  rec*uce the spore water content to _c. 20%. The
drying of spores reduces clumping in subsequent deposition in the spore
se t t l in g  tower.

4 . 2 . 2  INOCULATION : Leaf disks of cv. 1-488 were used to assess the 
rad iose ns i t iv i ty  of the three races (Expt. 4 .1) ,  and to assess the 
s u rv iv a b i l i t y  (contro l)  in the mutation rate study (Expt. 4.2),  whi le 
cv. T-173 was used to assess the mutation rate (Expt. 4 .2 ) . Five mg of 
dried urediniospores of each iso la te  from each i r ra d ia t io n  dose was 
deposited on separate batches of leaf disks in a spore se t t l in g  tower 
(Section 2.5 .2) .  In the mutation experiment, an 8 mg spore load was 
used fo r  the 600 and 1000 Gy doses as a pa r t ia l  compensation fo r  the 
expected reduced survival of urediniospores at these levels of 
i r ra d ia t io n  (Schwinghamer, 1959 and Appendix 5). Subsequent to 
inoculat ion, leaf disks were supported on p la s t ic  foam in closed Petri  
dishes containing 10 mg/L g ibbere l l ic  acid (GA), and incubated at

'standard environment' (16+1°C, 100 uEm- 2s“ l  l ig h t  in tens i ty  and 16 h 
photoperiod). Twenty repl icate  leaf disks of cv. 1-488 were used fo r
each race/dose treatment in Expt.4.1, whi le in Expt. 4.2, 10 rep l ica te
leaf disks of cv. 1-488 and 20 of cv. T-173 per race/dose treatment were 
inoculated simultaneously.

4 . 2 . 3  OBSERVATIONS : Incubation period ( in  days) to f lecking (IPF) on 

cv. 1-488 was recorded, and the mean (20 rep l icates) calculated fo r  each 
treatment in Expt. 1. Uredinia per leaf disk (ULD) produced on cv. I -  

488 were counted at the termination of the experiment (14-20 days) as an 
ind ica tor  of re la t ive  in fec t ion  potential  and uredin ia l survival percent 
(SP) was computed as,

SP = Mean ULD fo r  the dose „ nnn
Mean ULD fo r  control (0 Gy)
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Mutation frequency (MF) in Expt. 2 was computed fo r  race 5A as,

MF = Mean ULD on cv. T-173 fo r  the dose ^qq 
Mean ULD on cv. 1-488 fo r  the dose

As a precaution, the study was conducted completely in v i t r o , 
and at the conclusion of the experiment, the leaf disks of cvs 1-488 and 
T-173 (a f te r  iso la t ion  of mutant uredin ia)  were steam s te r i l i s e d  to 
avoid possible release of treated spores in to  the f i e ld .

4.2.4 STATISTICAL ANALYSIS : Data were tested fo r  homoscedasticity and 
normality of er ror  variance (section 2 .7 .1 . ) .  The analysis of variance 
(6 doses X 3 races), regression analysis between i r ra d ia t io n  levels and 
surv iva l ,  estimation of corre la t ion coe f f ic ien ts  between IPF and ULD 
were conducted with GENSTAT computer package (Alvey et_ _al_ 1982; Section 
2.7). Prior to analysis, the data fo r  ULD were square root transformed 
to sa t is fy  the above requirements.

4.3 RESULTS

4.3.1 SENSITIVITY TO GAMMA IRRADIATION (EXPT. 4.1) Incubation period to 
f leck ing (IPF) of the three races on cv. 1-488 general ly increased 
l in e a r ly  wi th increasing levels of i r ra d ia t io n  from 0 to 1000 Gy but the 
response of race 1A to i r ra d ia t io n  beyond 200 Gy had a quadratic 
component (Fig. 4 .1 ).  The race, dose, and race x dose in te rac t ion  were 
s ig n i f ica n t  (P < 0.001) in explaining the var ia t ion in IPF, however 
races were the major determinant of such var ia t ion  (Table 4.1)

While, i r ra d ia t io n  dose, race and the race x dose in te rac t ion  

were highly s ign i f ican t  (P < 0.001) determinants of ULD, i r ra d ia t io n  

dose was the most important contr ibu tor  to such var ia t ion (Table 4.1 ).  

The number of uredinia produced by a l l  the races decreased rap id ly  with 
increased i r ra d ia t io n  dose, but such reduction was more pronounced in 
race 1A compared to races 4A and 5A (Fig. 4.2).  Races were also
compared for  th e i r  s e n s i t i v i t y  to radiat ion by employing regression 
analysis to f i t  curves to the re la t ionship of survival percentage (y)
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Table 4.1 Analysis of variances3 f o r  incubat ion period to f l e c k in g  (IPF) 

and uredin ia  produced per lea f  disk ( U L D ) d f o r  three races o f  M. medusae 

on cv. 1-488 and s ix  doses of gamma i r r a d i a t i o n .

Source D F

MSSC

IPF

VRd

ULD

MSS

b

VR

Race 2 117.38 173.10 46.55 ' 74.33

Dose 5 86.24 127.18 152.20 2432.01

Race X Dose 10 14.84 21.88 26.33 42.04

Residual 342 0.67 - 0.63 -

Total 359 2.98 - 3.71 —

3 A l l  the variances are h igh ly  s i g n i f i c a n t  (P < 0.001).  
k Using square root transformed data.

c Mean Sum of Squares.

d Variance Ratio .
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(basis ULD on cv. 1-488) and i r ra d ia t io n  level (x) (Fig. 4 .2) .  A

quadratic model of the form loge ^ _ bo-bixi+b2xi^ produced the highest 
coe f f ic ien t  of determination fo r  race 1A (Table 4.2).  Because of 
pronounced reduction in su rv iv a b i l i t y  at 400 Gy, the Loge mocjel
i l l u s t ra te d  the response of th is  race better than with the untransformed 
y. For race 4A, a s im i lar  model, but without log transformation, was 
the most appropriate. The addit ion of the quadratic component did not 

s ig n i f ic a n t ly  increase the coe f f ic ien t  of determination (P > 0.05) fo r

race 5A, hence a l inear  model of the type y = bo-bixl  was emP^°-ye(̂ * 
Since fo r  each race ULD fo r  the control was taken as 100%, a l l  the

curves were forced through the or ig in  and bl t a ^en as (4.506 fo r
race 1A, as loge 100) [Fig.  4.2, Table 4 .2 ] .

For a l l  levels of i r ra d ia t io n  employed, the order of
increasing s e n s i t i v i t y  (basis, uredinial surv iva l)  in the races was 5A > 
4A > 1A. Correlat ion coe f f ic ien ts  between IPF and ULD for  the three 
races (across a l l  levels of i r ra d ia t io n ,  Table 4.2) were negative and 
highly s ign i f ica n t  (P < 0.01). Although the corre lat ion between IPF and 
ULD was higher in race 1A (- 0.82) than race 4A (-0.50) or 5A (-0 .59),  
corre la t ion  coe f f ic ien ts  were greater at higher, than at lower, levels 
of i r ra d ia t io n  (de ta i ls  not presented).

4 , 3 , 2  MUTATION FREQUENCY (EXPT. 4 . 2 )

On cv. T-173 leaf disks inoculated with untreated (contro l)
urediniospores of race 5A, did not produce any uredinia ind ica t ing  the 
absence of any contamination or spontaneous mutation in th is  co l lec t io n ,  
but untreated spores of race 4A produced a few uredinia on the leaf
disks of th is  c u l t i v a r .  Thus fo r  calcu la t ing mutation frequencies, data 
fo r  race 4A were omitted as the control samples of th is  race possibly 
contained spontaneous mutants v i ru len t  on cv. T-173. For race 5A,
mutation frequency on cv. T-173, computed as percentage of suvivors, 
increased l in e a r ly  from 0.89% at 100 Gy to a maximum of 1.68% at 400 Gy,

decreased from 400 to 600 Gy and remained re la t ive ly  constant from 600
Gy to 1000 Gy (Fig. 4.4).

The la tent period fo r  the mutants was long compared with that
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of race 5A and final counts of ULD were taken 3-4 days later than 
survival counts. However, when cv. T-173 was inoculated again with the 
progeny of the mutants, development of uredinia was relatively more 
rapid and i ts  aggressiveness was higher than the nascent mutants.

4.4 DISCUSSION

4.4.1 SENSITIVITY TO GAMMA IRRADIATION (EXPT. 4.1) : The three races of 
M_. medusae differ in radiosensitivity as assessed by incubation period 
to flecking and uredinial survival.

Although IPF increased linearly with increasing levels of 
irradiation this response was most obvious in race 1A and least evident 
in race 4A (Fig. 4.1) while in all the races the increase was pronounced 
beyond 600 Gy. Possibly, irradiation of the spores slows down those
metabolic activities significant in colonisation of the host and thus 
the period of establishment of the fungus was increased. Although both 
race and dose were significant factors contributing to the variation in 
IPF, the contribution of the race to such variability was greater than 
that due to the dose, indicating the inherent difference among these 
three races in their  response to the irradiation.

The curves relating survival to the level of gamma
irradiation, were quadratic for races 1A and 4A, but linear for 5A (Fig. 
4.3, Table 4.2). Over the whole of their range (100-1000 Gy) the
ranking of the races for survival ( sensu uredinial production) was 1A < 
4A < 5A. Radiosensitivity is influenced mainly by ploidy, nuclear 
volume, the stage of development of ' the cell when exposed and 
environmental conditions (Davies and Evans 1966, Conger et_ al_ 1982). 
However, these three races are dikaryotic (functionally diploid), have 
similar spore size and received identical environmental treatments and 
thus differences in radiosensitivity, are rather unexpected. Any 
deleterious change in the basic compatibility genes in _M. medusae, a 
biotroph, would result in lethality i .e .  analogous to an auxotroph on a 
unsupplemented medium. The differences in radiosensitivity of the races 
to irradiation may be due to their variation in the composition of basic 
compatbility genes (Ellingboe, 1978; Gabriel et_ aj_, 1979; Parlevliet,  
1979 and 1983a). In the present study, the ranking of races for
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aggressiveness (basis ULD at 0 Gy; Fig 4.2) 1A > 4A > 5A, pa ra l le ls  that 

fo r  ra d iosens i t iv i ty  at a l l  levels of i r ra d ia t io n  (Fig. 4 .3 ) . This 
suggests that the a l le les  fo r  enhanced aggressiveness may be 
considerably more sensi t ive to i r ra d ia t io n  damage. In Aspergi11 us 
f lavus (Padwal-Desai _et_ _al_, 1976), toxigenic stra ins were found to be 
more radioresistant than non-toxigenic s t ra ins ,  while among rusts, some 
species (e.g. Puccini a coronata Corda f .  sp. avenae Fraser and Led.) 

have been observed to be more resistant  than others (e.g. _M. 1 i n i ) to 
i r ra d ia t io n  (Schwinghamer 1958).

For a l l  the three races the corre lat ion coe f f ic ien t  ( 1 r 1) 
between IPF and ULD across d i f fe ren t  levels of i r ra d ia t io n  (Table 4.2) 
were negative and highly s ign i f ican t  (P < 0.01).

4 . 4 . 2  MUTATION FREQUENCY (EXPT. 4 . 2 )  : The frequency of mutations
v i ru len t  on cv. T-173, computed as percent of survivors on cv. 1-488, 
was higher than that obtained fo r  _M. 1in i  in a s im i la r  study using gamma 
rays (Schwinghamer 1959). The increase in mutation rate with the r ise 
in dose from 100 to 400 Gy, is in agreement with the resul ts  of 
Schwinghamer (1959). However, the decrease in the mutation rate above 
400 Gy possibly resul ts from the small sample size, in s u f f i c ie n t  
compensation in the spore load at 600 and 1000 Gy to allow fo r  the 
expected reduction in survival of the urediniospores or from clumping of 
spores during inoculat ion of the leaf disks at higher (8 mg), compared 
to normal (5 mg), spore load. A f i e l d  co l lec t ion  of medusae has
shown virulence on cv. T-173 (Singh and Heather 1982a); however, in 

previous studies, races 4A and 5A, produced incompatible reactions on 
cv. T-173 (Prakash, unpublished). When used in the present p ro jec t ,  
race 4A produced occasional uredinia on th is  cu l t i v a r  and also, despite 
subsequent attempts to pur i fy  the race by leaf repl ica technique 
(Appendix 3) and single spore iso la t io n ,  such natural v i ru len t  mutants 
arose frequently in th is  race. In the methods employed in th is  
laboratory, contamination is un l ike ly  and hence a high frequency of 
natural mutation during the m u l t ip l ica t ion  of race 4A on cv. 1-488 is 
the most l i k e ly  explanation of th is  change in virulence. Such high 
frequencies of mutation in a race, suggest that the race may be 
heterozygous fo r  avirulence, or the locus may be highly mutable, and
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also suggest a possible activity of transposing elements (Appendix 4). 
Similar observations on high frequency of certain virulence genes have 
been noticed (Ou and Ayad, 1968; Bartos e t _  al , 1969). Flor (1958)
observed that natural mutants in M_. 1 i ni were not qualitatively
different from those induced ar t i f ic ial ly  and concluded that genes most 
responsive to mutagenic effects of irradiation may be the least stable 
under natural conditions.

Though all the virulent mutants ini t ial ly exhibited slow 
growth on cv. T-173, their progeny showed relatively higher
aggressiveness when used to re-inoculate this cultivar. Thus the 
delayed IPF and longer latent period seen in i t ia l ly ,  could be due to 
non-genetic effects of irradiation. The high frequency of. mutation, 
greater than usually observed (Schwinghamer, 1959), suggests that genes 
for avirulence in race 5A on cv. T-173 may be dominant and
heterozygous. In the heterozygous condition the loss of the avirulence 
gene immediately results in a virulent phenotype (Schwinghamer, 1959).
Schwinghamer (1959), by observing 'two-hit'  kinetics, concluded that 
mutation to virulence could result from the deletion of a chromosomal 
segment carrying the avirulent gene. However, in this study the
mutation frequency response was linear (0-400 Gy) rather than quadratic 
and hence the virulence may have resulted from single-hit point,
mutation or terminal deletion.

Currently under field conditions in Australia, cv. T-173 
appears resistant and thus is being used as a source of leaf rust 
resistance gene/s (R. R. Willing , pers. commun.). The resistance to 
race 5A in cv. T-173 appears to be controlled by a single dominant gene 
(Section III) .  Caution should be exercised in wide and continous 
deployment of such major resistance genes from this cultivar as this 
study suggests that mutants, virulent to this cultivar, can arise 
rapidly. However, the epidemiological importance of mutants, or
variants with an increased spectrum of virulence, rests in their ability 
to colonise and reproduce in competition with the existing wild types on 
various cultivars and under differing environmental conditions (Day, 
1979).

The immune or hypersensitive type resistance in cv. T-173 is 
broken by the mutant isolates, whether natural or a r t i f i c i a l .  A
qualitative gene-for-gene relationship between races of M. medusae and
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cu l t iva rs  of poplars is the simplest genetic basis of such interact ions 

(F lor ,  1956, P a r lev l ie t  and Zadoks, 1977). I t  would be valuable to know 
i f  the change in virulence toward cv. T-173 involved the same loci in 

both i r radiated and natural mutants and also to determine i f  such 
changes in virulence involved simultaneous changes in a/virulence 
towards other c u l t i v a rs .  S im i la r ly ,  i t  is of epidemiological importance 
to tes t  the aggressiveness and competi tive a b i l i t i e s  of these mutant 

biotypes in re la t ion  to those of the parental wi ld type on the 
susceptible c u l t i v a r  on which they arose. These aspects are the 
subjects of subsequent chapters.

4 . 5  SUMMARY

Three races of M_. medusae d i f f e r  in s e n s i t i v i t y ,  as assessed by 
incubation period to f lecking and uredinia l s u rv iv a b i l i t y ,  to increasing 

levels of Co60 gamma i r ra d ia t io n .  In race 5A, the mutation to virulence 
on _P_. del to i  des cv. T-173 was induced by i r ra d ia t io n ,  and the frequency 
of mutation was maximum (1.688%) at 400 Gy. Further, a high frequency 
of natural occurrence in race 4A of mutants v i ru len t  on th is  c u l t i v a r  
was observed. The resul ts  are consistent with a possible gene-for-gene 
basis of the re la t ionship between major resistant genes in poplar and 
certain virulence genes in M_. medusae.



CHAPTER 5

VIRULENCE SPECTRUM OF RADIATION INDUCED AND NATURAL 
VIRULENT MUTANTS OF MELAMPSORA MEDUSAE ON CULTIVARS OF POPLAR

5 .1  INTRODUCTION

The a r t i f i c i a l l y  induced mutants of race 5A and natural mutants of race 
4A were selected fo r  th e i r  virulence on cv. T-173 . A comparison of the 
i r rad ia ted and natural mutants fo r  th e i r  virulence on a range of 
cu l t iva rs  would indicate i f ,  with mutation for  virulence in these 
isolates on cv. T-173, the virulence spectrum had been s ig n i f ica n t ly  
altered on other c u l t iva rs .  Apart from the differences in radiat ion
induced and natural mutants, such a study would be expected to reveal, 
i )  the possible association or disassociat ion of virulences on other 
cu l t iva rs  due to l inkage, and i i )  the changes in re la t ive  aggressiveness 
of these isolates on those cu l t iva rs  on which the both the wild type and 
mutants are v i ru le n t .  Information on linkage or the p le io trop ic  nature 
of these virulence a l le les  would suggest which cu l t iva rs  share common 
resistance genes. Alexander et_ aj_ (1984b) have discussed the 
implicat ion of such virulence associations in deployment strategies of 
resistance genes.

This chapter reports the results of two separate studies 
conducted to determine the virulence spectrum, on a range of Populus 
c u l t iva rs ,  of radiat ion induced (Expt. 5 .1 ) ,  and natural,  v i ru len t  
mutants (Expt. 5.2) of races 5A and 4A, respective ly , in comparison with 

the w i ld  types from which they were derived.

5 .2  MATERIALS AND METHODS

5 .2 .1  THE PATHOGEN ISOLATES: Induction of the mutants of race 5A of M. 
medusae v i ru len t  on T-173, c u l t i v a r  res is tant  to race 5A, has been
detai led (Chapter 4). A to ta l  of 36 uredin ia , developed on leaf disks
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of cv. T-173 fo l lowing inoculat ion with urediniospores of race 5A, gamma 
i r rad ia ted  at one of f ive  [100, 200, 400, 600 & 1000 Gray (Gy)] (1 kR=10 
Gy) dosage levels. Spores col lected from f ive randomly selected, mutant 

uredin ia were mu lt ip l ied  separately under control led conditions on 
detached leaves of cv. T-173 (2 generations) and subsequently on cv. I -  
488 (4 generations) to obtain 5 mg of dry urediniospores of each mono- 
uredin ia l iso la te ,  referred to hereafter as mutant isolates 5M1, 5M2, 
5M3, 5M4 and 5M5 (Expt. 5.1). These mutant isolates had been isolated 

from uredinia which developed from spores exposed to 200, 600, 100, 100 
and 100 Gy i r ra d ia t io n ,  respectively.

As race 4A had developed spontaneous or natural v i ru le n t  

mutants, th is  race was suspected to be a composite mixture of biotypes 
v i ru len t  and av i ru len t  on cv. T-173. A leaf repl ica technique (see 
appendix 3 fo r  de ta i ls )  developed by the author, e f fec t ive ly  separated 

these biotypes. Isola te  4B was isolated fo r  i t s  avirulence on cv. T-173 
and is thus considered a w i ld  type (although, subsequently i t  exhibited 
s l ig h t  virulence on th is  c u l t i v a r ;  Chapter 6, Table 6.7),  whi le isolates 
4M1 and 4M2 were isolated (randomly from many such mutants) fo r  th e i r  
virulence on cv. T-173, and were m u l t ip l ied  as described fo r  radiat ion 
induced mutants (Expt. 5.2).

5 .2 .2 . THE HOST CULTIVARS: Eleven cu l t i v a rs ,  representing 4 species of
poplar ( j \  deltoides cvs PC/75 series comprising 40-2, 10-3, 7-2, and 7- 
4; cvs 60/164, W-79/304, W-79/307; P_. x euramericana cvs 1-154 and

65/70; _P_. al ba L. cv. Hickel iana and P. ni gra L. cv. I t a l i c a ) ,  were used 
in Expt. 5.1, to assess the reaction of radiat ion induced v i ru len t
mutants, while ten cu l t iva rs  ( _P. del to i  des cvs 79/307, 60/164, PC/75
series comprising cvs 7-2, 7-4, 40-2 and 10-3; JP .  x euramericana cv. I -  
154; _P. al ba cv. Hickel iana; _P. si moni i cv. Simonii; P. ni gra cv.
I t a l i c a )  were used in Expt. 5.2. 3oth studies were conducted separately 
and the dif ferences in the series of cu l t iva rs  employed in the
experiments resulted from the unava i la b i l i t y  of leaves of comparable 

maturi ty in certain cu l t iva rs .

5.2.3 INOCULATION AND INCUBATION: In both experiments, freshly
harvested, dried urediniospores (5 mg) of each of the isolates were
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deposited separately on randomised leaf disks ( f ive  repl icates) of each 

c u l t i v a r  and coverglasses (1.32 cm2)s placed on the base of a spore 
se t t l in g  tower (section 2.4 .2) . The un i formity  of deposition (less than 
5% var ia t ion between inoculat ions),  and germination (more than 94% in 
a l l  six iso la tes ) ,  of urediniospores were checked on the coverglasses. 
Following inoculat ion, the leaf disks were placed on p las t ic  foam soaked 
with g ibberre l ic  acid, sealed in glass Petri  dishes and incubated in 
growth cabinets at the 'standard environment' (section 2.5 .1) .

5.2.4 OBSERVATIONS AND ANALYSIS: At the end of the monocycle (section 
2.6.1) which ranged from 14 days to 26 days depending on the
c u l t i v a r / i s o l  ate combination, leaf disks were scored fo r  Infect ion Type 
(IT) on a 0 - 4 scale (section 2.6 .1) .  An iso la te  was c lass i f ied  as 
av iru lent  (IT 0-1) or v i ru len t  (IT 2-4). In th is  study, the 
aggressiveness of an iso late on a spec i f ic  c u l t i v a r  was measured as mean
uredin ial number per leaf disk (ULD), at the culmination of the
monocycle (section 2.6 .2 .4 ) .  Though most cu l t iva rs  used in the study 
are susceptible to some races of M_. medusae (Singh and Heather, 1982a 
and b), as a precautionary measure, leaf disks were steam s te r i l i z e d  
before they were discarded.

The values fo r  ULD were transformed (square root) to ensure 
homoscedasticity and normali ty of error variances (section 2.7.1) and 
subjected to analysis of variance (5 or 6 isolates X 11 cu l t iva rs )  with 
the inclusion and exclusion of data fo r  race 5A in separate analysis,
fo r  Expt. 5.1. Student's ' t ‘ tes t ,  with standard errors of dif ferences 
of means of- the in teract ion component,--was employed to compare mean 

(square root) ULD fo r  a l l  c u l t i v a r / i s o la te '  combinations. S im i lar ly ,  in 
Expt. 5.2, analysis of variance -was---performed (3 isolates X 10 
cu l t iva rs )  with transformed ULD values before comparison-of - mean values.

5.3 RESULTS

5.3.1 RADIATION INDUCED MUTANTS (EXPERIMENT 5.1) : On the eleven
cu l t iva rs ,  the virulence spectra of a l l  f i ve  radiat ion induced mutant 
isolates was wider (7-9 out of 11 cu l t iva rs )  than that of wi ld  type race
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Table 5.2 Analysis of var iance f o r  u red in ia l  number per lea f  disk (ULD; 

sqaure root transformed) fo r  race 5A and i t s  f i v e  rad ia t ion  induced

mutants of M. medusae, on el even c u l t i v a r s of Populus sppa.

Source

(a) WITH 

D F

RACE 5A 

MSS VR

(b) WITHOUT 

D F MSS

RACE 5A 

VR

Iso la te 5 18.89 36.983 4 1.93 3.439

C u l t i va r 10 117.08 229.174 10 129.11 230.027

Iso la te  x Cu l tv r  50 11.09 22.172 - 40 2.44 4.355

Residual 264 0.51 - 220 0.56 -

Total 329 5.97 - 274 5.58 -

a Al l  the variance ra t io s  are h igh ly  s i g n i f i c a n t  (P < 0.001)
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5A (5 out of 11 c u l t i v a rs ) ,  from which they were derived. Compared to 
race 5A, the f ive  mutant isolates ex ib ited higher IT on e ight,  a 
decreased IT on two and a s im i la r  IT on one c u l t i v a r  (Table 5.1).  In 

the analyses of variance, c u l t i v a r ,  iso la te  and th e i r  in teract ion were 
s ig n i f ica n t  (P < 0.001) causes of var ia t ion  in ÜLD, i r respect ive of 

whether race 5A was included (Table 5.2a) or excluded (Table 5.2b) from 
the analyses; in both instances, the c u l t i v a r  was the major contr ibutor 
to var ia t ion in ULD.

Race 5A was s ig n i f ic a n t ly  less aggressive than any of the 
induced mutant isolates on three of the four cu l t iva rs  on which both the 
mutant isolates and race 5A were v i ru len t  (Table 5.3). However, on cv. 
I t a l i c a ,  a universal suscept, the wi ld  type race 5A was. the most 
aggressive iso late employed. When averaged across a l l  the cu l t iva rs ,  
mutants 5M1 and 5M5 were s ig n i f ic a n t ly  less aggressive (lower ULD) than 
the other three mutant iso la tes.  However when the mutants are ranked 
fo r  re la t ive  aggressiveness on ind iv idual c u l t iva rs ,  no single iso late 
is  consistent ly the most aggressive (Table 5.3). For example, though 
5M5 was the most aggressive iso late on cv. W-79/307 i t  was the least 
aggressive of the mutants on cvs W-79/304 and 7-4. This inconsistency 
explains the s ign i f ica n t  i s o la te / c u l t i  var in te ract ion in the ANOVA 
(Tables 5.2a and 5.2b).

On th is  group of cu l t iva rs  there was no consistent 
re la t ionship between the dosage of gamma i r ra d ia t io n  and re la t ive  level 
of virulence (Table 5.1) or aggressiveness (Table 5.3), in the induced 

mutants. For example, mutants 5M1 and 5M5 which produced low mean ULD 
(across a l l  cu l t iva rs )  were induced at doses 200 and 100 Gy 
respectively; whi le s ig n i f ic a n t l y  higher ULD was produced by 5M2, 5M3 
and 5M4 induced at 600, 100 and 100 Gy respectively (Table 3).

5.3.2 NATURAL VIRULENT MUTANTS (EXPERIMENT 5.2) : The virulence spectrum 
of the iso late 4B was narrower (3 out of 10 cu l t iva rs )  than that  of 
iso late 4M2 (7 out of 10 cu l t iva rs )  and 4M1 (9 out of 10 cu l t iva rs )  
(Table 5.4). Both the natural mutant isolates (4M1 and 4M2) could be 

recognised as separate, d is t in c t  races by th e i r  qu a l i ta t ive  reactions on 

the ten cu l t iva rs  (Table 5.4),  in contrast to the radiat ion induced 
mutants where such dif ferences among the mutants were re la t ive ly  less
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Plate 5.1 The reaction of race 5A (top row) and radiation induced 
virulent mutant isolate, 5M2 (bottom row), of M_. medusae on P. 
deltoides cultivars 60/164 and 7-2.
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Table 5.5 Analysis of var iance of u red in ia  per lea f d is k 3 of race 4B 

and two natural  v i r u l e n t  mutants of M .  medusae on ten c u l t i v a r s  of 

Populus spp.k

Source D F MSS VR

Iso la te 2 86.17 300.74

C u l t i va r 9 62.45 192.03

Iso la te  x C u l t i v a r 18 23.33 67.77

Residual 120 0.32 -

Total 149 8.01 -

a
b

using square root-t ransformed values f o r  ULD 
A l l  the values are h igh ly  s i g n i f i c a n t  (P < 0.001).
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and were rather continuous. (Table 5.1 ) . Isolate 4B could be 
dist inguished as a race d is t in c t  from the isolates 4M1 and 4M2 by i t s  
avirulence on 6 cu l t iva rs  on which e i ther  of the la t t e r  were v i ru len t  
( v i z . ,  cvs. 7-4, 10-3, 60/164, 1-154, Hickel iana and Simonii) (Table 
5.4). Isolate 4M1 was v i ru len t  on cvs. 10-3 and hickeliana on which
iso late 4M2 was av i ru len t .  However the in fec t ion  types of the isolates 
4M1 and 4M2 were s im i lar  on those cu l t iva rs  on which both mutants races 

were v i ru len t  ( v i z . ,  cvs. 7-4, 60/164, W-79/307, 1-154, Simonii and 
I t a l i c a )  (Table 5.4). On cv. 40-2, a l l  the three isolates were 

a v i ru le n t .

Although the iso la te ,  c u l t i v a r  and th e i r  in teract ion were a 
s ign i f ica n t  (P < 0.001) source of var ia t ion  in ULD produced by these 
isolates on ten cu l t iva rs ,  the iso late was the largest contr ibutor  to 
such var ia t ion (Table 5.5), which contrasts wi th Expt. 5.1, where the 
cu l t i v a r  was the most important contr ibu tor  to such var ia t ion .

Race 4B was consistent ly more aggressive (higher ULD) on a l l  

the those cu l t iva rs  on which a l l  the isolates were v i ru len t  (cvs. 7-2, 
W-79/307 and i t a l i c a )  (Table 5.6), whi le in the previous experiment race 
5A was most aggressive only on cv. I t a l i c a .  However, on the seven 
cu l t iva rs  on which only races 4M1 and 4M2 were v i ru len t ,  the former was 
re la t iv e ly  more aggressive on f ive  (7-4, 60/164, 1-154, Simonii and 
I t a l i c a )  and the la t t e r  more aggressive on two, cu l t iva rs  (7-2 and W- 
79/307) (Table 5.6). Such inconsistencies in ranking fo r  aggressiveness 
among the races on certain cu l t iva rs  would explain the s ign i f ica n t  race 
x c u l t i v a r  in teract ion fo r  ULD observed in the AN0VA.

All the major effects recorded were reproduced when the 

experiment was repeated employing single isolates of the mutants (5M2 

and 4M2), and the races 5A and 4A.

5.4 DISCUSSION

Both a r t i f i c i a l l y  induced and natural mutants of M. medusae, when 
compared to the av iru lent  wi ld types from which they were derived, 
exib ited wider virulence spectrum (basis IT) (Tables 5.1 and 5.4) on the
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range of cultivars. Thus, based on their reaction on individual
cultivars, both radiation and natural mutants groups could be recognised 
as races ( sensu Stakman & Christensen, 1953) distinct from their 
respective wild types. In contrast the minor differences in IT between 
individual radiation induced mutant lines on specific cultivars are 
insufficient to postulate racial differences, although i t  is possible 
that if additional cultivars had been included in the study, some of 
these mutant isolates may have been discerned as distinct races. But 
the induced mutant isolates could be termed as 'races or pathotypes 
differing in their quantitative specificity'  on these culitvars, because 
of the differences in aggressivenes (basis ULD) and the significant 
isolates x cultivar interaction, often accompanied with r-eversal in 
ranking (Tables 5.2b, Figure 5.1) (Scott _et_ al_, 1980). These results 
resemble patterns of aggressiveness for isolates of Puccinia hordei
Otth. on cultivars of barley (Clifford & Clothier, 1974) and for races
of _M. larici -popul i na on cultivars of _P.x eurameri cana (Chandrashekar 
1981).

In contrast, the qualitative reaction of the natural mutant
isolates 4M1 and 4M2 on this range of cultivars permit their recognition 
as distinct races (sensu Stakman and Christensen, 1953) (Table 5.3). 
Similar occurrence of variants differing in virulence within a mono- 
spore derived race, has been noticed in other fungi (Ou and Ayad, 1968; 
Bartos _et_ _al_, 1969). The isolate 4M1 was avirulent on cvs 1Ü-3 and 
Hickeliana (IT - 0), while isolate 4M2 was virulent on these cultivars 
(IT - 2/3). Such discreteness in their reaction of these natural mutant 
isolates would account for isolate being the largest contributor to 
variation in ULD in Expt. 5.2, compared to Expt. 5.1 where such
differences among isolates were less discrete, and resulted in cultivar 
being a relatively more significant important to variaton.

Both the mutant groups have been selectively isolated for 
their virulence on cv. T-173 (Chapter 4). Hence, the higher IT of the 
irradiated mutants, compared with the wild type race 5A, on cultivars W- 
79/307 and W-79/304 [progenies of a cross using cv. T-173 (male) and P_. 
del toi des cv. 61/58 (female); R. R. Willing, unpublished], is not 
unexpected (Table 5.1), as these two cultivars might carry some of the 
resistance components of cv. T-173. Such an observation can be 
explained with the interaction model of Parlevliet and Zadoks (1977),
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where minor genes in the pathogen (mutant isolates) in te rac t  with the 

correspondi ng minor genes in the compatible hosts (cvs 79/307 and
79/304) to resu l t  in increased aggressiveness and also suggest the 
influence of background genotype of the host in disease expression as 
noted by Eskes (1983a). In constrast, the natural mutants 4M1 and 4M2 
however, demonstrate decreased aggressiveness when compared to race 4B 

on cv. 79/307 (Table 5.6),  which fu r the r  demonstrates the dif ferences in 

s p e c i f i c i t y  of aggressiveness by the races employed in th is  study.

The dif ferences between cvs 7-2 and 7-4, which are ha l f -s ibs  

from a North American provenance (Eldridge et_ a]_, 1973), are more
discrete and both cu l t iva rs  appear to possess mutually exclusive factors 
fo r  resistance to the w i ld  type and the radiat ion induced mutants (Table 
5.1). Such an observation conforms to the gene-for-gene theory 
involving major genes (F lor ,  1956), and indicates at least the pa r t ia l  
disassociaton of the virulence genes as observed in Puccinia graminis f .  
sp. t r i  t i c i  by Alexander et_ aj_ (1984b). In Expt. 5.2, although race 4B 
ex ib ited decreased aggressiveness on cv. 7-2 compared to the v i ru le n t  
mutants 4M1 and 4M2, complete loss of virulence was not observed. Such
intermediate v i ru len t  types might be s im i la r  to those observed in P_.

graminis f .sp t r i t i c i  by Watson and Luig (1968a).

The change from avirulence in the wild types, to vi rulence in 

a l l  the mutants on cvs 1-154, 60/164 and 7-4 (Plate 5.1) suggest that 
these l a t t e r  may carry the same resistance gene(s) which was countered 
by the mutation in the w i ld  types to give virulence on cv. T-173. 
A l te rna t ive ly ,  such an e f fec t  could resul t  from the delet ion of a 
chromosomal segment carrying a highly l inked c lus te r  of av i ru lent  genes 
corresponding to the resistance genes in these four c u l t i v a rs .  

Schwinghamer (1959) by observing ' tw o - h i t 1 k inetics fo r  i r ra d ia t io n  dose 
and mutation frequency concluded that mutations to virulence occurred in 

Melampsora 1in i  as a resul t  of chromosomal de let ion. However, fo r  the 
mutants of race 5A, the re la t ionship of mutation frequency and dose was 

l inea r ,  rather than quadratic, which was ind ica t ive of single h i t  
mutation and/or terminal delet ion (Chapter 4). Also, as delet ions are 
re la t i v e ly  infrequent in nature (Davies and Evans, 1966) and as such an 
effect was also observed among natural mutants of race 4A, a change at
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single site of the chromosome of the wild type is a distinct
possi bi 1 i ty.

Such large differences in virulence spectrum between the 
mutants and the wild types, can s t i l l  be explained equally by novel
genetic mechanisims such as the modification of a super-supressor gene 
regulating the activity of a cluster of avirulence genes, similar to 
those observed in yeast (Hawthrone and Mortimer, 1968) and or/due to the 
activity of site-specific transposable elements acting as a regulatory 
gene controlling the activity of structural gene complex of these 
avirulence alleles (Federoff, 1984). Lawrence _et_ _al_ (1981b) have 
demonstrated the occurence of inhibitory genes controlling the dominant 
avirulence genes in M_. 1 in i , while Tepper and Anderson (1984) have 
recently suggested that genetic changes involved in evolution of plant 
pathogen specificity may be at regulatory, rather than structural,
loci. Similarly, Watson and Luig (1968a) suggested the role of
supressor genes to explain the gradual changes in virulence of P_.
gramini s f. sp. tri t i c i . Also, in _M. 1 i n i , Lawrence et_ _al_ (1981a) have 
observed that virulence genes A-P, A-Pl, A-P2 and A-P3 were sufficiently 
closely linked to belong to the same cistron or were probably al lel ic,  
while Flor (1960), using the virulent mutants induced by Schwinghamer
(1959), observed that selection for a single mutational event at one 
locus (A-P) had resulted in concurrent mutational events at two closely
linked loci (A-P2 and A-P3). There are many reports of linkage of
virulence genes in plant pathogens (Samborski and Dyck, 1968; Luig, 
1978b; Statler,  1979; Gustaffson et_ al_, 1983), and this may result in 
linkage disequilibrium due to the 'hitch hiking or hijacking 1 (Thomson, 
1977) of certain unncecessary with necessary virulence genes (Wolfe and 
Schwarzbach, 1978; Leonard and Czochor, 1980; MacKey, 1981; Alexander et 
al , 1984b). The information on such associaton would have practical
ut i l i ty  in planning cultivar mixtures or multilines, particularly those 
employed to combat asexually reproducing pathogens, where the
probability of breaking such linkage di sequi 1ibria is lower (Lodge and 
Leonard, 1984).

The susceptibility of P_. al ba var. Hickeliana to certain 
mutants, supports earl ier suggestion of mutation advanced to explain the 
change from resistance to susceptibility of this cultivar in the field
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(Sharma and Heather, 1977). In the present study, although the reaction 

of th is  c u l t i v a r  changed from immunity (race 5A) to moderate 
s u sce p t ib i l i t y  (mutant isolates 5M1, 5M3, 5M4 and 4M2) (Table 5.2 and 

5.4 ),  the aggressiveness of the mutants on th is  cu l t iva r  was low (very 
few uredinia were seen and the la tent  period was twice the normal) (Figs 
5.1 and 5.2). Possibly, as suggested by Par lev l ie t  (1983b) in the
bar ley- leaf rust system, th is  c u l t i v a r  might carry a major gene for
resistance along wi th  genes fo r  pa r t ia l  resistance or slow-rust ing. The 
mutation to virulence possibly overcame the major genes but the genes
con t ro l l ing  quant i ta t ive  resistance may s t i l l  have hindered the 
expression of high aggressiveness.

Four of the f ive  radiat ion induced mutants were ay iru lent on 
cv. 7-2 although race 5A was v i ru le n t ,  and moderately aggressive, on

th is  cu l t iva r  (Table 5.1) (Plate 5.1). This loss of virulence among the 
mutants contrasts with the acquis it ion of virulence by most mutants on 

most of the other c u l t iva rs .  Possibly, the genes fo r  avirulence towards 
cv 7-2 are recessive and l inked to the previously mentioned avirulence 
complex, as mutations are usual ly from dominance to recessiveness rather 
than vi ce versa (P a r le v l ie t ,  1983a). Recessiveness of certain 
avirulence genes in other rusts has been reported (McIntosh and Watson, 
1982). A l te rna t ive ly ,  such a change to avirulence may resu l t  from a
mutation leading to loss of function of an inh ib i to ry  gene con tro l l ing  
the avirulence reaction towards th is  c u l t i v a r  (Lawrence _et_ _al_, 1981b). 

Similar resul ts were obtained by G r i f f i t h s  and Carr (1961) in the 
reaction of UV induced mutants of Puccini a coronata f .sp .  avenae which 
showed increased virulence on s ix ,  s im i la r  reaction on three and a 
complete loss of virulence on one c u l t i v a r  of oats tested. Luig (1978a) 
has reported the loss of virulence of certain mutants races of P_. 

graminis f .  sp. t r i t i c i  upon treatment with a chemical mutagen.

The dif ferences in virulence and aggressiveness among the 
radiat ion induced mutants were not related to the i r ra d ia t io n  dose in 
which they were derived. For example, treatments with radiat ion doses 
of 100 Gy produced mutants 5M4 and 5M5 which d i f fered in virulence 
spectrum ( 9 cvs compared wi th  7 cvs) (Table 5.1) and in aggressiveness 
[mean (sq. root) ULD 3.5 compared with 3.1, d i f f e r r in g  s ig n i f ic a n t ly  (P  
< 0.05); Table 5 .3 ] .  Possibly the differences in aggressiveness result
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from random cryptic changes in loci involved with fitness rather than 
cumulative effects of irradiation, and some of these fitness loci may 
also be involved in the determination of quantitative specificity 
observed in these races towards the cultivars.

Despite certain differences, there are similarities between 
the radiation induced, and the natural, virulent mutants in their 
reaction with the cultivars common in both experiments. This suggest 
that both groups of mutants may have undergone changes in the same 
genetic locus or loci. The general consistency of the reaction of the 
all the mutants on most cultivars supports this view and suggests that 
this region of chromosome carrying the avirulence genes may be a ‘hot 
spot' to mutagenesis.

For the irradiated mutant group, virulence (Table 4.1) and 
aggressiveness (Figure 4.1) on this set of cultivars do not show a 
consistent relationship, possibly due to lack of major differences in 
virulence (basis IT; Table 4.1). However, in the natural mutant group, 
race 4M2 which had the broadest spectrum of virulence was also the most 
aggressive race (basis, mean ULD; Figure 4.2). This observation 
contrasts with Vanderplank1s (1968) suggestion that virulence (spectra) 
and aggressiveness would always be negatively correlated. However, on 
those cultivars on which both mutants and the wild type were virulent, 
certain mutant lines are relatively more aggressive on particular 
cultivars (e.g. cv. 79/307; Table 4.3) while they are less aggressive on 
other cultivars (e.g. cv. Italica; Tables 4.3 and 4.6). It is possible 
that virulent mutants arising on the former group of cultivars would 
increase their frequency while on the lat ter  group, they may not. With 
similar mutation frequencies, number of virulent mutants appearing on 
susceptible cultivars would be high when compared to that on relatively 
less susceptible cultivars, due to the larger population of the wild 
type in the former. For example, in the present study, cv. I talica,  
which was the most susceptible cultivar to the wild types, is the only 
universal suscept ( sensu Person, 1959), [susceptible to all the known 
races of _M. medusae (Singh, 1983) and also to M. l ari ci -popul i na 
(Chandrashekar, 1981)]. On this cultivar, all the mutants (both induced 
and natural) were relatively less aggressive compared to their avirulent 
counterparts. Thus virulent mutants appearing on this culitvar would be 
at relative disadvantage due to their reduced infection frequency
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(ULD). Similar observations were made Teo and Baker (1975) on oat stem 
rust.

Data on comparison of virulent mutants and their parental wild 
types for several aggressiveness t ra i ts  on susceptible and resistant 
cultivars would contribute to the understanding of the epidemiological 
features of such isolates, and is analysed in the next chapter.

5 .5  SUMMARY

When compared to the avirulent wild types, the radiation induced, and 
natural, virulent mutants of M_. medusae, isolated for their virulence 
towards P_. del toi des cv. T-173, exhibited a wider virulence spectrum on 
a range of Populus cult ivars. Although the qualitative reaction of f ive 
radiation induced, mutant isolates was similar on the cult ivars, the 
infection types of two natural mutant isolates were suff ic ient ly  
quali tatively distinct on two cultivars to be recognised as distinct 
races. Four of the f ive radiation induced mutant isolates exhibited 
avirulence on cv. 7-2, on which the wild type race 5A was virulent. 
There was signif icant cult ivar x isolate interaction, often accompanied 
with reversal in ranking for ULD, for both the mutant groups on the 
cult ivars. On those culitvars on which both mutants and the wild types 
were virulent,  the wild type was more aggressive (basis ULD) on certain 
cultivars while the mutants were more aggressive on other cult ivars. On 
some cult ivars, there was pronouned s imi lar i ty of the irradiated and 
natural mutant groups in their  reactions.



CHAPTER 6

RELATIONSHIP BETWEEN INCREASED VIRULENCE SPECTRUM
AND THE AGGRESSIVENESS TRAITS IN MELAMPSORA MEDUSAE

6.1 INTRODUCTION :

Although many theoretica l  studies discuss the re la t ive  f i tness  of a 
v i ru le n t  mutant a l le le  ar is ing in an av i ru len t  population (Person et a l , 
1976; Leonard, 1977; Leonard and Czochor, 1980; Vanderplank, 1982), 
there are few precise experimental studies reporting the re la t ive  
aggressiveness t r a i t s  of genotypes carrying such a mutant a l le le ,  in 
comparison with the wild type from which they were derived on 
susceptible and corresponding resistant  hosts. Such information has 
relevance in understanding pathogen evolut ion, in predict ing population 
sh i f ts  in response to host deployment, and in devising disease
management stra tegies (Appendix 4).

Leonard (1977) considers that much of the confusion on the
ef fect  of unnecessary virulence genes on f i tness of the genotypes has 
arisen because of the fa i lu re  to d is t ingu ish the ef fects  of individual 
virulence genes on f i tness from the effects  of the rest of the genome. 
To minimise such background e f fec ts ,  he suggests, a) population studies, 

where changes in gene frequencies are observed in large heterogeneous 
population of the pathogen in which modif ier genes are randomly
dis t ibuted between biotypes, or, b) by comparing the near-isogenic l ines 
of the pathogen, d i f f e r in g  only at spec i f ic  locus fo r  viru lence. The 

second approach appears more promising, as i t  would eliminate the

possible in te rac t ion  of biotypes that may occur in the f i r s t  method.

Due to the absence of the sexual stage of _M. medusae in
Austra l ia ,  construct ion of such isogenic l ines is possible only by a
mutational approach (c f .  Rowell _et_ _al_, 1963). The mutant isolates
described in previous chapters, appear ideal fo r such comparative
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stud ies. Although the resu l ts  (Chapter 5) suggested tha t  the mutants 

d i f f e r  in more than one v irulence gene from the w i ld  types, due to the 

s i m i l a r i t i e s  in react ion of the rad ia t ion  induced and natural  v i r u le n t  

mutants on the p a r t i c u la r  c u l t i v a r s ,  i t  would be reasonable to assume 

tha t  such changes do r e f l e c t  natural  s i t u a t i o n s .
This chapter reports the comparative analys is  f o r  f i v e  

aggressiveness t r a i t s  of mutant i so la te s  ( ra d ia t io n  induced, Expt. 6.1 

and na tu ra l ,  Expt. 6.2) w i th  the respect ive w i ld  types, on the 

suscept ib le  c u l t i v a r  (1-488) on which they can a r ise ,  and on the 

res is tan t  c u l t i v a r  (T-173),  to  which they were selected.

The c o m p a t ib i l i t y  ( + ) or i n c o m p a t i b i l i t y  ( - )  of the mutant 

iso la tes  and the w i ld  types w ith  the c u l t i v a r s  is  summarised in Table 1:

Table 6.1: The react ion of cvs 1-488 and T-173 to the w i ld  type and 

the v i r u l e n t  mutants (+ denotes c o m p a t ib i l i t y ,  -  denotes 
incompat ib i1i t y )

THE HOST

Cv. T-173 Cv. I -

W (S)

THE PATHOGEN Race 5A or 4B1 - +

Mutant Iso la tes + +

Due to the ease with  which these v i r u le n t  mutants were 

obtained, i t  is possib le tha t  av iru lence in w i ld  types may be under 

simple genet ic co n t ro l .  The resistance in cv. T-173 to the two w i ld  

type races (5A and 4B) appears to be c o n t ro l le d  by two separate s ing le 

dominant genes (Chapter 14).
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6,2 MATERIALS AND METHODS

6.2.1 THE PATHOGEN ISOLATES: The methods for production, selection and 
multipl ication of the mutants, (radiation induced and natural) and of 
the wild types (races 5A and 4B) have been detailed (Chapters 4 and 
5). The studies involving radiation induced mutants (Expt. 6.1) and of 
natural mutants (Expt. 6.2) were conducted separately.

6.2.2 INOCULATION AND INCUBATION: Five mg of freshly harvested, dried 
urediniospores of each isolate were deposited separately on 15 replicate 
leaf disks of each cult ivar,  and on five replicate coverglasses, in a 
spore sett l ing tower (section 2.4.2; Chapter 2). Uniformity of 
deposition within, and between, inoculations, and germinative potential 
(> 95%) was checked on the coverglasses. The inoculated leaf disks were 
placed on plastic foam soaked with gibberell ic acid solution (10mg/L), 
sealed in 14 cm glass Petri dishes and subequently incubated in 
controlled growth cabinets in the 'standard environment' (section 
2.5.1). The experiments were of factorial design, with 6 isolates X 2 
cultivars in Expt. 6.1, and 3 isolates X 2 cult ivars in Expt. 6.2.

6.2.3 OBSERVATIONS ON DISEASE SEVERITY AND ANALYSIS : Six
aggressiveness t ra i ts  were studied in Expt. 6.1, v iz . ,  incubation period 
to flecking (IPF), latent period to production of f i r s t  uredinium (LP1) 
and 50% uredinia (LP50), uredinia produced per leaf disk (ULD), uredinia 
produced~per disk per day (UPD) and urediniospores produced per square 
mm of leaf (USM) (see section 2.6.2 for details),  and in Expt. 6.2, IPF, 
LP1, ULD and USM were recorded. Short IPF, LP1 and LP50 and high ULD, 
UPD and USM are indicative of high aggressiveness of an isolate on a 
cult ivar.

For al l the disease parameters, data were tested for the usual 
s ta t is t ica l  prerequisites (section 2.7.1) and appropriately 
transformed. The data were subjected to analysis of variance, with the 
inclusion and exclusion of race 5A in separate analysis for Expt. 6.1. 
For all  the isolates on both cultivars (only in Expt. 6.1), individual 
curves of disease progress (basis ULD), over time (readings commenced at 
two days from the date of eruption of the f i r s t  uredinium), were f i t ted
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as described by Sharma _et_ _al_ (1980) using a GENSTAT package (section 

2.7.3) employing the fo l lowing model:

y i  = bo + b ix i  + b2x i 2 + ei

Here, y-j -js f-j^^ed disease level on day x i , and the three groups of 
curves (5A/I-488, mutants/1-488, and mutants/T-173) were compared
pairwise (Sharma _et_ al_, 1980) and tested employing an F- tes t .  Mean UPD 
was computed also fo r  these three groups.

Correlat ion coe f f ic ien ts  between the t r a i t s  fo r  aggressiveness 
were calculated using the treatment means of the f ive mutant l ines on 
two cu l t iva rs  (Expt. 6.1) and dif ferences between transformed means of 
the isolates and corre la t ion coe f f ic ien ts  were tested fo r  sign if icance 
employing Student's 1t 1 tes t  (Least s ig n i f ic a n t  d if ferences).

The infected leaf disks were steam s te r i l i z e d  before 
discarding.

6.3. RESULTS

6 .3 .1 . STUDIES WITH RADIATION INDUCED MUTANTS (EXPT. 6 .1): Race 5A was 
completely av i ru len t  on the res is tant c u l t i v a r  T-173. For the t r a i t s  of 
aggressiveness, i r respect ive  of the exclusion or inclusion of race 5A 
(Tables 6.2a and 6.2b) in the analysis of variance, c u l t i v a r  was most 
important (Sig, P < 0.001) and iso la te  a lesser but s ign i f ica n t  (P < 
0.001) [except fo r  IPF (NS, P >0.05)] determinant of v a r ia b i l i t y  whi le 
the c u l t i v a r  x iso la te  in teract ion was usual ly a s ign i f ican t  contr ibutor  
to such va r ia t ion .  When the variance of the in teract ion components was 
included in that of the residual,  the main ef fects (except that of 
isolates fo r  IPF) were s t i l l  highly s ig n i f ic a n t  causes of var ia t ion in 

the t r a i t s  and thus can be discussed independently despite the 
s ign if icance of the in te rac t ion  component (section 2.7.1)

The f ive  mutant l ines were more aggressive on the susceptible 
cv. 1-488 than on the resis tant cv. T-173. (Table 6.3).  Although, the 
ranking of mutants fo r  ULD and USM was re la t i v e ly  consistent on cv. I -  
488, th is  ranking was inconsistent between other t r a i t s ,  or w i th in a



Table 6.2 Analysis of variance (mean sum of squares) f o r  s ix  

aggressiveness t r a i t s  aof w i ld  type race 5A and f i v e  v i r u le n t  mutant 

iso la tes  of M_. medusae on two c u l t i v a rs  of poplar .

(a) INCLUDING RACE 5A

Source D F IPF LP1 LP50 ULD UPD USM

Iso la te 5 0.53ns 3.04 12.59 18.76 5.84 27.09

C u l t i va r 1 86.35 482.49 1042.96 296.73 178.73 109.96

Iso la te  X C u l tv r  5 0.61ns 3.62 3.86 70.66 17.95 42.01

Residual 167 0.54 0.44 0.62 0.82 0.38 0.15+

Total 178 1.08 3.53 7.45 4.94 2.03 3.32*

* Residual and 
respec t ive ly .

(b) EXCLUDING

to ta l  degrees of 

RACE 5A

freedom f o r  USM is 132 and 143

Source D F
I P F .

LP1 LP50 ULD UPD USM

Mutant 4 0.61ns 2.61 5.21 14.41 5.17 2.82

C u l t i v a r 1 72.51 423.36 879.85 67.92 71.81 13.92

Mutant X C u l tv r  4 0.61ns 3.21 3.82* 4.32 1.56 1.35

Residual 140 0.59 0.48 0.66 0.93 0.38 0.16

Total 148 1.08 3.44 6.81 1.84 1.03 0.40

A l l  unmarked values are h igh ly  s i g n i f i c a n t ,  P < 0.001; * P < 0.05; ns -
not s i g n i f i c a n t ,  P > 0.05.
* Residual and to ta l  degrees of freedom fo r  USM is 110 and 119

respect i  v e ly .
a The s ix  aggressiveness t r a i t s  were incubat ion period to f leck ing  (IPF), 

l a te n t  period to product ion of f i r s t  uredinium (LP1), l a te n t  period to
production of 50% ured in ia  (LP50), number of u redin ia  per lea f  disk
(ULD; square root transformed), number of u red in ia  produced per day 
(UPD), and number urediniospores produced per square mm of lea f  area

(USM; Loge +1 t ransformed).
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Figure 6.1 Disease progress curves (basis,  uredinia produced per leaf 
disk) for wild type race 5A and i t s  five radiat ion induced 
virulent  mutatants,  on susceptible cv. 1-488 and res i s t an t  cv. 
T-173.
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Plate 6.1 The reaction of races 5A and radiat ion induced v i ru len t  mutant 
iso la te  5M2 of M_. medusae on _P. x euramericana cv. T-488 and P_. 
deltoides cv. T-173.

Plate 6.2 The aggressiveness (uredin ia l number) of _M. medusae race 5A 
and i t s  f ive  radiat ion induced v i ru len t  mutant isolates (5M1- 
5M5) on P. x eurameri cana cv. 1-488.



5A

5M2
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t r a i t  between the cu l t iva rs  (Table 6.4 ).  Such non-uniformity in ranking 
of mutants wi th in a t r a i t  between the cu l t iva rs  accounts fo r  the 

s ig n i f ica n t  c u l t i v a r  x isolate in te rac t ion  in ANOVA (Table 6.2 ) , which 
in some instances involved reversal of ranking fo r  aggressiveness. For 
example, on the basis of USM, 5M3 is the least aggressive iso la te  on cv. 
1-488 but the most aggressive mutant on cv. T-173. S im i la r ly ,  5M1 and 
5M2 had the longest LP1 on cv. 1-488 but shortest on cv. T-173 (Table 
6 .4 ) .

On cv. 1-488, on the basis of IPF, ULD and USM, race 5A was 

the most aggressive iso la te ,  however in terms of LP1 and LP60 the 

mutants were more aggressive than 5A (Table 6.3 and 6.4). For a l l  the
t r a i t s  of aggressiveness, the mutants, despite the .s ign i f ican t  
dif ferences between them, formed a c lus te r ,  d i s t i n c t l y  removed from the 
value fo r  race 5A (Table 6.4).

A l l  three groups of curves fo r  disease progress of the 
c u l t i v a r / i s o la te  combinations (Fig. 6.1) d i f fe red s ig n i f ic a n t ly  (P< 
0.01) and thus the dif ferences in ULD of the three groups are not 
ar te facts  of the time of f ina l  observation of ULD. The infect ious 
period (from commencement of uredinia l production t i l l  the end of the 
monocycle) for  cv. 1-488 was always shorter than that fo r  cv. T-173. 
The ranking of the race/cu l t iva r  combinations for  mean UPD (rate of 
disease progress) was 5A/I-488 (5.04) > mutants/I-488 (2.63) >

mutants/T-173 (1.24).

Certain t r a i t s  of aggressiveness fo r  the mutants on both the 
cu l t i v a rs  were pos i t ive ly  and s ig n i f ic a n t l y  (P < 0.05) correlated,  e.g. 
IPF and LP1 (0.93), LP50 and ULD (0.69), .and between ULD and USM (0.56, 
P < 0.1) whi le IPF was negatively though not s ig n i f i c a n t l y ,  correlated 
wi th ULD, and USM (Table 6.5).

The i r ra d ia t io n  dose under which each of the f ive  mutants 

v i ru le n t  on cv. T-173 was produced, was not consistent ly related to 
th e i r  ranking fo r  aggressiveness fo r  any t r a i t .

6 .3 .2 STUDIES WITH NATURAL MUTANTS (EXPT. 6.2) : Races, cu l t iva rs  and 
t h e i r  in teract ion were s ign i f ica n t  (P < 0.001) sources of var ia t ion in 
the ANOVA fo r  a l l  the four t r a i t s  of aggressiveness of the three races 
on the two cu l t iva rs  (Table 6.6).
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Table 6.5 C or re la t ion  c o e f f i c ie n ts  between f i v e  aggressiveness t r a i t s  

(using means) among f i v e  rad ia t ion  induced mutants iso la te  o f  M. medusae 

on cvs 1-488 and T -173a .

IPF LP1 LP50 ULD USM

IPF 1.00

LP1 0.93 1.00

LP50 0.11 0.39 1.00

ULD -0.28 0.01 0.69 1.00

USM -0.21 -0.01 0.38 0.56* 1.00

^Degrees of freedom = 8.
s i g n i f i c a n t  (P < 0 .05) ,  * s ig n i f i c a n t  (P < 0 .1 ) .  A l l  unmarked 

values are not s i g n i f i c a n t  (P > 0.1)

Table 6.6 Analys is of var iance3*3 fo r  race 4B and natural  v i r u le n t  

mutants fo r  fou r  aggressiveness t r a i t s 0 on cvs 1-488 and T-173.

Source D F IPF LP1 ULD USM

Iso la te 2 3.41 84.90 32.08 3.59

C u l t i va r 1 44.10 376.75 288.45 53.66

Iso la te  X C u l tv r  2 1.23 9.09 82.18 6.89

Residual 84 0.07 0.96 ' 1.06 0.18

Total 89 0.66 7.55 6.81 1.22f

3 Mean sum of squares.
b A l l  the variances are h igh ly  s ig n i f i c a n t  (P < 0.001).
0 The four  aggressiveness t r a i t s  are incubat ion period to f le c k in g  

( IPF), la te n t  period to production of f i r s t  uredinium (LP1), number of 
u red in ia  per lea f  disk (ULD; square root transformed), and number of 
urediniospores produced per square mm of lea f  area (USM; Loge 
transformed).

' Residual and to ta l  degrees of freedom fo r  USM are 66 and 71 
re sp e c t ive ly .
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Table 6.7 The means3 fo r  four  aggressiveness t r a i t s  of race 4B and 

natural  v i r u le n t  mutants of M. medusae on cvs 1-488 and T-173.

1-488 (S) T-173 (R)
4B 4M1 4M 2 4B 4M1 4M2

IPF 5.06 4.76 4.80 6.93 6.00 6.00
LP1 9.20 7.20 7.27 14.54 10.47 10.93
ULD 9.37 8.57 7.89 1.97 6.77 6.36
USM 6.90 6.81 6.45 3.95 5.53 5.51

The s ign i f icance  of d i f fe rences between the 

of the aggressiveness t r a i t s  are presented

iso la tes  and the descr ip t ion  

in  Table 6.8.

Table 

of M_. 

T-173

6.8 Ranking of the race 4B and the two natural

medusae in the decreasing order of aggressiveness 
abc

v i ru le n t  mutants 

on cvs 1-488 and

High aggressiveness -

IPF 4Mla 4M2a 4Bb 4M1C 4M2C 4Bd

LP1 4Mla 4M2a 4Bb 4M1C 4M2C 4Bd

ULD 4Ba 4Mlb 4M2b 4M1C 4M2C 4Bd

USM 4Ba 4Mla 4M2b 4H1C 4M2C 4Bd

The values in the bo ld p r in t  are fo r  cv. T-173, and those in the
normal p r i n t  are f o r  cv. 1-488.

b Iso la tes  sharing the same alphabet w i t h in  a t r a i t  do not d i f f e r  
s i g n i f i c a n t l y  (P > 0.05)

c The t r a i t s  measured were incubat ion period to f leck ing  (IPF), la ten t  
period to product ion of f i r s t  uredinium (LP1), number of uredin ia  per 
lea f  disk (ULD; square root transformed) , and number of urediniospores 
produced per square mm of lea f  (USM; Loge transformed).
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The ranking of the races fo r  aggressiveness on the susceptible 

cu l t i v a r  1-488 depended on the parameter employed; thus while race 4B 
was most aggressive fo r  the amount of disease produced (ULD and USM), i t  
was the least aggressive race fo r  the timing of disease expression (IPF 
and LP1) (Tables 6.7 and 6.8 ).  In contrast, on the resistant  cv. T-173, 
i r respect ive of the t r a i t  of aggressiveness, 4B was the least aggressive 
race. For example, race 4B had very long LP1- 14.5 days compared to c_. 
10 days fo r  the races 4M1 and 4M2 and produced less than four uredinia 

per leaf disk (mean) compared to _c. 40 uredinia produced by the l a t t e r  

races (Table 6.7 ).  Due to the transformations of ULD and USM, the 

apparent dif ferences between the races for  these t r a i t s  appear smaller 
in Table 6.7 than th e i r  absolute values indicate.

For a l l  t r a i t s  of aggressiveness on both cu l t iva rs ,  race 4B 
d i f fe rs  s ign f ican t ly  from races 4M1 and 4M2 but these l a t t e r  two races 
d i f f e r  s ign i fcan t ly  only fo r  USM on cv. 1-488 (Table 6.8 ).  Thus fo r  
most t r a i t s  on both cu l t iva rs ,  the v i ru len t  races 4M1 and 4M2 (races 
with broader virulence spectrum; Chapter 5) are d is t in c t  from that of 
the av iru lent race 4B (with re la t ive ly  narrow virulence spectrum; 
Chapter 5), the l a t t e r  being more aggressive for  disease severi ty on the 
susceptible c u l t i v a r .

The major results were reproduced when the experiment was 
repeated using one mutant l in e  (5M2) and race 5A on both the c u l t i v a rs .

6 . 4  DISCUSSION

Both the mutant series were se lec t ive ly  isolated fo r  th e i r  compat ib i l i ty  
on cv. T-173. As both the mutant groups have been derived from the 
av iru lent races (e i ther  5A and 4B), they can be expected to share common 
genetic background with th e i r  respective wi ld types. In contrast the 
cu l t iva rs  are of disparate geographic or ig in  (1-488 - northern I t a l y ;  T- 
173 - Texas, USA), hence th e i r  major contr ibution to var ia t ion in a l l  

t r a i t s  of aggressiveness is not unexpected (Table 6.2 and 6.6).
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M . l  RELATIONSHIP OF INCREASED VIRULENCE SPECTRA AND AGGRESSIVENESS OF 

ISOLATES ON THE SUSCEPTIBLE CULTIVAR

Aggressiveness of the mutants, vis a vis that of the wi ld  types (races 
5A and 4B), on the susceptible c u l t i v a r  1-488, appears to increase 
(shorter LP1 and LP50) or decrease (reduced ULD and USM) depending on 
the t r a i t s  considered (Table 6.3, 6.7).

The mutant iso la tes ,  both natural and radiat ion induced, are 
s t r i k in g ly  less aggressive on cv. 1-488 (longer IPF, reduced ULD, UPD 

and USM) than w i ld  types (Figs 6.2, 6 .3 ) .  This reduced aggressiveness 
of disease severity t r a i t s  in the mutants is associated with th e i r  
acquis i t ion of vi ru lence, on cv. T-173 and certain other _P. del to i  des 
cu l t iva rs  (Chapter 5), ie .  fac to r /s  unnecessary fo r  compat ib i l i ty  on cv. 
1-488. This suggests a negative re la t ionship between the increased 
virulence spectra of these isolates and th e i r  aggressiveness on a 
universal suscept. Simi lar decrease in aggressiveness (basis ULD) of 
mutant isolates were observed on another universal suscept, cv. 
' i t a l i c a '  (Chapter 5). The minor, a lb e i t  s ig n i f ic a n t ,  di f ferences among 
the i r rad ia ted mutant isolates may be due to the cryp t ic  changes in loci 
other than those concerned with virulence and is supported by the 
consistency with which, in a rank order tes t  fo r  any t r a i t  of 
aggressiveness, the mutants form a c lus te r  d is t in c t  from the values of 
the wi ld types (Tables 6.2 amd 6.5 ) . In these resul ts , the overal l  
virulence/aggressiveness re lat ionship suggests tha t ,  while biotypes with 
d i f fe r in g  aggressiveness could occur w i th in  a race, the major 
differences in aggressiveness appear to be associated with the 
virulence/aviru lence make-up of the genotype; such an observation is 
also supported from the results of Chapter 5.

Certain aggressiveness factors may be linked to avirulence 
genes and hence the delet ion of a chromosomal segment would resul t  in 
reduced aggressiveness. Linkage of major genes with those determining 
quant i ta t ive  t r a i t s  are known in other organisms (Thompson and Thoday, 
1979). A l te rna t ive ly ,  avirulence genes themselves may behave add i t ive ly  
as aggressiveness factors in the absence of corresponding resistance 
factors (Person and Mayo, 1974) in the host and hence, mutation of such
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avirulence alleles which increases the spectrum of virulence, would 
result in reduced aggressiveness. The present results also suggest that 
high aggressiveness may be dominant to low aggressiveness, as mutations 
are usually from dominant to recessiveness, and these t r a i t s  may not be 
under very complex genetic control. Emara & Sidhu (1974) also found 
evidence for dominance of aggressiveness in Usti1 ago hordei (pers.) 
Lagerh. crosses but two thirds of the genetic variance was found to be 
ad di t i ve.

Reduced aggressiveness associated with increased virulence 
( 'cost of virulence' , Leonard, 1977; Pryor, 1977) could result in a 
competitive advantage to simpler races (sensu narrow virulence spectrum) 
on simple cultivars (having few resistance genes) and help the 
pathosystem to achieve equilibrium at intermediate gene frequencies 
(Leonard, 1977; Leonard and Czochor, 1980). Leonard (1979) compared the 
isolines of race 0 and T of Bipol ari s maydi s (Nisk.) Shoemaker and 
estimated that the cost of virulence in a virulent race T was 0.12 - 
0.30. Flor (1971), from studies on ML_ 1 ini concluded that dominant 
avirulence genes were associated with high aggressiveness. Teo and 
Baker (1975) also observed reduced infection type (IT 3) by the EMS 
induced virulent mutants of Puccinia graminis f. sp. avenae on many
universal suscepts of oats, compared to the wild types (IT 4) from which 
they were derived. Nelson et_ _al_ (1970) however, observed positive 
association between virulence spectra and aggressiveness in Exserohilum 
turcicum and suggested that both t r a i t s  may be conditioned by the same 
genes, however their conclusion has been questioned by Johnson (1984).

The residual effect of the irradiation is not the cause of
reduced aggressiveness observed in the mutants, because such effects
result in a non-heritable, increased latent period in exposed
urediniospores of M_. medusae (Chapter 4) in contrast with reduced latent 
period in the mutants of the present study. Further, aggressiveness was 
not correlated with the dosage level at which the mutant was induced, 
and comparable reduction in ULD and USM was observed even in the natural 
mutants which had not been exposed to irradiation. Thus the reduced 
aggressiveness recorded here appears to result mainly from its 
association with increased virulence.
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6 .4 .2  RELATIVE RESISTANCE OF CULITVARS 1 -4 8 8  AND T -173

The c u l t i v a r  cons t i tu t ion  was a s ig n i f ic a n t  contr ibutor  to var ia t ion  in 

disease progression (Figs 6.1) as well as in the consti tuent t r a i t s  of 
aggressiveness (Tables 6.2, 6.3, 6.6 and 6.7).  Thus, although the 
mutants overcame the major gene resistance of cv. T-173 to the w i ld  
types, they were s t i l l  confronted wi th an array of rate-reducing
mechanisms in th is  c u l t i v a r .  As a consequence of increased la tent  
period and reduced rate of disease progression fo r  the mutants on cv. T- 

173 (Tables 6.3 and 6.7, and Fig. 6 .1 ) ,  the i n i t i a t i o n  of the second 
cycle would be delayed by 4-5 days and the inoculum avai lable be reduced 
by _c. 30% compared with that of cv. 1-488. This indicates an

association between rate of disease progression and i n i t i a l  disease 

inoculum (*°) as proposed by P ar lev l ie t  (1979).

The rate reducing mechansims in cv. T-173 were not observed
in, fo r  example, _P.x euramericana cv. 1-154, the reaction of which 
changed from res is tant (mesothetic) to race 5A, to highly susceptible to
these mutants (Chapter 5). Thus the usefulness in a breeding program of
a host cu l t i va r  containing a 'defeated' resistance gene probably depends 
on the background genotype (Skovamand _et_ _aj_, 1978; Eskes, 1983a; 
P a r le v l ie t ,  1983a) since the newly v i ru le n t  gene may not necessarily 
enjoy preferent ia l  advantage ( sensu f i tness)  on the correspondi ng 
"resistance gene (c f .  'a'  values, in Leonard and Czochor, 1980). Such an 
observation supports the suggestion of Leonard (1977) that a m u l t i l i n e  
c u l t i v a r  should be more e f fec t ive  i f  i t  consists of a series of 
cu l t iva rs  with d i f fe re n t  genetic backgrounds rather than a series of 
backcross l ines from the same recurrent parent var ie ty .

The quan t i ta t ive  t r a i t s  studied here are both measures of 

disease expression in a monocycle and contr ibutors to the progress of 
the host-pathogen in te rac t ion  in a po lycyc l ic  epidemic. The present and 

other resul ts with poplar leaf rust (Heather and Chandrashekar, 1982) 

ind icate that such quant i ta t ive  s p e c i f i c i t y  may have a strong genetic 

base and support the integrated system of host pathogen re la t ions 
proposed by P ar lev l ie t  and Zadoks (1977). The corre lat ion coe f f ic ien ts  
between certain t r a i t s  of aggressiveness confirm the observations of
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Singh and Heather (1982a).
Watson (1970), and Leonard (1977), have suggested that for a 

virulent mutant to be epidemiologically successful, i t  should arise in 
an aggressive genotype. While the present results support this view, i t  
suggests an association of increased virulence with reduced
aggressiveness. Thus for a mutant to be epidemiologically successful on 
the susceptible cul itvar, i t  should arise in a super-aggressive biotype 
in a moderately aggressive population so that, despite the cost of 
virulence or genetic load, i t ' s  fitness would be relat ively higher than 
the mean fitness of the avirulent population. Parlevliet (1983a) 
considers the adaptation of the pathogen population to a new, previously 
resistant host as a two-stage process, i n i t i a l l y  of the acquisition of 
the matching virulence gene followed by a recovery in general f i tness. 
Possibly the mutants tested here are s t i l l  be in transient stage (sensu 
stage 1 of Parlevl iet , 1983a) in recovering their general f itness. 
However, in the mutants, the interactive nature of the parasit ic
relationship observed, and the negative association of the increased
virulence and aggressiveness components, suggest that continuing 
selection for higher aggressiveness on cv. T-173 may lead to further 
loss of aggressiveness on cv. 1-488 and vice versa. Such mutually
exclusive behaviour of fitness t ra i ts  has been demonstrated in other 
systems (Triantaphyllou, 1975; Hiura, 1978; Wolfe, 1984; Alexander et 
a l , 1984a; Leonard, 1984) and may be important factors in pathosystem 
s tab i l i ty .  Occurrence of such non-random, disassociation or opposing 
trends for aggressiveness can be tested by serial culturing of the 
isolates on both cult ivars.

The epidemiological significance of the changes recorded here 
within a monocycle, requires further experimentation in a continuous 
polycyclic disease situation, particularly as the changes in 
aggressiveness associated with increased virulence spectra is not 
unidirectional for al l  the t ra i ts  (cf. LP1 and ULD). Thus, although the 
mutants are expected to be relat ively less f i t  to survive on the 
susceptible cult ivar in competition with the wild type because of their  
reduced infection and sporulation, i t  is possible that they may persist 
in low frequencies because of their advantage in shorter latent 
period. Also, the present results were confined to the study of 
aggressiveness, of both virulent and avirulent races in isolation and in
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a single monocycle. Information on association or disassociation on 
aggressiveness and on the relative fitness of the mutant races in 
relation to competition with the wild types, can be obtained by race 
mixture and serial culture studies, and has been presented in Chapter 8.

6 . 5  SUMMARY

The radiation induced and natural virulent mutants of M. medusae were 
compared for their  aggressiveness with their respective wild type races 
on a susceptible (1-488) and a resistant (T-173) cultivar of poplar. On 
cv. 1-488, the wild type was more aggressive for uredinial and 
urediniospore production, while the mutants had shorter latent period. 
The cv. 1-488 was more susceptible than cv. T-173 to all the mutant 
isolates for all t r a i t s ,  and cv. T-173 was characteri sed by slower 
disease progression, reduced infection and sporulation. The results 
suggest an association of increased virulence spectrum in the mutants 
with reduced aggressiveness on a universal suscept, while the fitness of 
the mutants on resistant cultivar possibly depends on the genetic 
background of the host.



CHAPTER 7

VARIABILITY AND DIRECTIONAL SELECTION FOR ENHANCED 
AGGRESSIVENESS TRAITS IN MELAMPSORA MEDUSAE BY 

HOST GENOTYPE

7.1 INTRODUCTION

An understanding of select ion toward maximal expression of disease, 
w i th in  a race by host genotypes, is pert inent to predict ion of potential  
disease impact and s t a b i l i t y  of resistance. This is especial ly true in 
the case of perennial crops, due to re la t ive  constant host genotype 
composition, often over a considerable area, and over an extensive crop 
ro ta t ion time. H i l l  and Nelson (1982) have suggested tha t ,  due to the 
high h e r i t a b i l i t y  of certain aggressiveness or paras i t ic  f i tness t r a i t s ,  
the pathogen can respond to select ion for  increased aggressiveness on 
compatible cu l t iva rs .  Aggressiveness in some plant pathogens has been 
recognised to be polygenical ly  inher i ted (Emara and Sidhu, 1974; 
Leonard, 1975; Bras ier, 1977).

In Aus tra l ia ,  M. medusae appears to reproduce only asexually 
and thus, any change in i t s  aggressiveness would resul t  mainly from 
mutation and possibly, other asexual mechanisms. This chapter reports a 
study on v a r i a b i l i t y  and d i rect ional  select ion fo r  en hanced 
aggressiveness ( f i v e  t r a i t s )  in two races of M_. medusae, on two 
cu l t iva rs  of poplars. The experiment involved both natural and 

i r rad ia ted (60co) populations w i th in a race and ser ial  cu l tu r ing for  
more than eleven generations on detached leaves of P_. x euramericana cv. 
1-488.

7.2 MATERIALS AND METHODS

7.2.1 THE CULTIVARS, THE PATHOGEN RACES AND THE IRRADIATION: Clonal 
plants of P_. x eurameri cana cvs. 1-488 and 1-214, were grown in a rust-
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free glass house and leaves of uniform age (_c. three months old) were 
used throughout the study (section 2 .2 .2 .1 ) .  Though dif ferences in

quant i ta t ive  response of these two cu l t iva rs  to races of M_. medusae have 
been observed, both cu l t iva rs  are universal suscepts as they do not show 
'hypersensit ive'  type resistance to any of the recognised races of th is  
pathogen (Singh and Heather, 1982b; Prakash and Heather, unpublished).

Spores of races 4B and 8A (section 2.3.1) were m u l t ip l ied  
i n i t i a l l y  on surface s te r i l i s e d ,  detached leaves of cv. 1-488 (at least 
f ive  cycles), to produce fresh urediniospores (section 2 .4 .1) .  A
port ion of these spores from each race was exposed to 400 Gy of gamma

i r ra d ia t io n  from a 60co source (a near LD50 dose c f * chaPte r  and 
subsequently, both i r radiated and non- irradiated spores were dried in

vacuo over s i l i c a  gel (12 h) and P205 ^

Uredi niospores of both populations of each race were 
inoculated (10 mg - i r rad ia ted ,  5 mg - non-ir radiated) independently on 
surface s te r i l i s e d ,  detached leaves of cv. 1-488, and incubated in 
p las t ic  Petri  dishes at 'standard environment' (section 2 .5 .1) .  The 
increased spore load fo r  i r rad ia ted population was necessary to 
compensate fo r  the _c. 50% le th a l i t y  expected in spores exposed to 400 Gy 
i r ra d ia t io n  (Chapter 4).

7.2.2 THE SERIAL CULTURING OF RACES ON CV. 1-488 : The populations of 
both races were s e r ia l l y  cultured on cv. 1-488 fo r  eleven generations, 

a f te r  harvesting on 15 or 16 th day (post- inocula t ion) at each 
generation. A sample of spores from each generation was separately 
dried and stored (-14°C). At the end of 11 generations, spores 

representing 1, 6 and 11th generations were separately m u lt ip l ied  on cv. 
1-488, to produce fresh, dry spores of each of the three generations fo r  
experimental inoculat ions. Although the spores actual ly  consti tuted 2,

7 and 12th generations, they are referred to as representing 1, 6 and 11 
generations of ser ial  cu l tu re.  Thus, the f i r s t  generation populations 
of both races had undergone two generations of i n i t i a l  cu l tu re  in the 
study.
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7.2.3 EXPERIMENTAL EVALUATION OF AGGRESSIVENESS: Urediniospores (4 mg)
of isolates [representing 2 populations ( i r rad ia ted  and non- i r rad ia ted) 

X 2 races X 3 generations] were deposited separately on leaf disks 
(15/repl icates per treatment) of cvs. 1-488 and 1-214, and on a few 
coverglasses. Uniformity of deposition and germination potentia l  of
urediniospores was checked on the coverglasses. Inoculated leaf disks 

were placed on p las t ic  foam, soaked wi th GA solut ion (10 mg/L), sealed 
in glass Petri  dishes and incubated in control growth cabinets at 
'standard environment'.

7.2.4 OBSERVATIONS AND ANALYSIS: Five aggressiveness t r a i t s  were 
recorded on the rep l icate  leaf disks, v iz . incubation period .to f leck ing 
(IPF), latent period to production of f i r s t  uredinium (LP1), uredinia 
produced per leaf disk (ULD), urediniospores produced per square mm of 
leaf area (USM), and urediniospores produced per uredinium (USU) 
(section 2.6 .2) . Shorter IPF and LP1 and higher ULD, USM and USU are 

ind ica t ive  of high aggressiveness of an iso la te  on a c u l t i v a r .
The data were tested fo r  homoscedasticity and normali ty of 

er ror  variance (Neter and Wasserman, 1974) and values fo r  ULD, USM and 
USU were transformed appropriately to f u l f i l l  the above requirements. 
The analysis of variance was performed on the fac to r ia l  design (2 X 2 X 
2 X 3 ) .  The sign if icance of dif ferences between the means of main 
effects  were computed using the standard error  of dif ferences (SED) from 
appropriate main ef fects  (Table 7.2), whi le the cel l  means of a l l  the 
treatments were tested with SED of the th i rd  order in te rac t ion  
component.

7.3 RESULTS

7.3.1 THE ANALYSIS OF VARIANCE : A summary of the variance ra t ios  fo r  
each t r a i t  is presented in Table 7.1. Irrespective of the parameter 
employed to assess disease development, c u l t i v a r ,  race and number of 
generations were highly s ign i f ican t  in p a r t i t io n in g  the var ia t ion  w i th in  
the experimental data (P < 0.001). Although the population ( i r rad ia ted  

or non-irradiated) was a s ign i f ican t  source of var ia t ion in t r a i t s  of 
disease severi ty (ULD, USM and USU, P < 0.001), i t  was not s ig n i f ic a n t



Table 7.1 Analysis of variance3 for five t r a i t s  of aggressiveness^ by 
two races of M_. medusae cultured on cv. 1-488 for 11 generations; 
resul ts  of fac tor ia l  study of two races on two cult ivars of _P. x 
eu rameri cana, representing 1, 6 and 1 1 ^  generations, and two
populations ( i r rad ia ted  and non i r rad ia ted ) .

Variation Source D F IPF LP1 ULD USM USU

Cultivar (C) 1 183.47 248.33 629.59 146.04 14.17
Race (R) 1 123.67 42.02 42.64 0.55 2.62
Generation (G) 2 2.58 7.01 40.78 223.19 49.40
Population (P) 1 0.22ns 0.02ns 22.86 0.45 0.89
C X R 1 4.22 4.67 0.96ns 2.81 2.46
C X G 2 0.91 0.41ns 2.25 1.92 1.35
R X G 2 1.27 0.10ns 8.28 0 .19ns 0.26*

C X P 1 0.47ns 2.02 5.98 0.71 0.02ns
R X P 1 1.01 0.22ns 1.42 2.44 1.97
G X P 2 0 . 17ns 0.10ns 1.95 0.14ns 0.28ns
C X R X G 2 1.15 0.14ns 2.97 0.31 0.73
C X R X P 1 0.07ns 2.33 3.95 2.62 5.24
C X G X P 2 0.48* 0.03ns 1.42* 0.07ns 0.12ns
R X G X Pn 2 0.17ns 2.53 21.83 0.56 0.53
C X R X P 1 0.07ns 2.33 3.95 2.62 5.24
C X G X P 2 0.48* 0.03ns

j r

1.42 0.07ns 0.12ns
R X G X P 2 0 .17ns 2.53 21.83 0.56 0.53
C X R X G X P 2 0.03ns 0 . 71ns 0 . 4 4 n s 0.18ns 0.25*
Residualc 336 0.15 0.27 0.41 0.06 0.07
Total0 359 1.05 1.15 2.86 0.73 0.21

3 All unmarked values are highly signif icant  (P < 0.001). ** - P < 0.01
* - P < 0.05, ns - not s ign i f ican t .  

b The de ta i l s  of t r a i t s  of aggressiveness are presented in Table 7.2 
c For USU and USM, the residual degrees of freedom is 264 and to ta l  

degrees of freedom is 287.
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in the timing of disease expression (IPF and LP1, P > 0.05). Though 
cult ivars contributed most and population the least, to the variation in 
all t ra i ts ,  race was a relat ively more signif icant source of variation 
compared to generation for IPF, LP1 and ULD, while generation were
relat ively more important for USM and USU. When the variances due to 
interactions were added to the residual and the main effects 
recalculated, the level of significance of main effects did not change 
and thus the main effects have been considered independently (section 
7.3.2.) of the interactive effects.

The f i r s t  and second order interaction were usually 
“signif icant sources “of variation, particularly for t ra i ts  of disease
severity (ULD, USM and USU), but the third order interaction was 
signif icant for only USU (Table 7.1). The significance (P < 0.001) of 
cult ivar x race component (generation and population effect held 
constant) for al l  t ra i ts  except ULD, suggests a degree of quantitative 
specif ic ity of the two races on the two cultivars (Table 7.1). The
signif icant cult ivar X generation is indicative of differences in 
susceptibi l i ty of cultivars over generations while the race X generation 
interaction suggests that there were also differences in the level of 
aggressiveness of races over generations. Similarly race X population 
and generation X population interactions indicate the di fferential 
effect of irradiation between races and between generations (Table
7.1).

The significance of second order interactions suggest, that 
for t ra i ts  of disease severity, at least some of the specific two-factor 
interaction of any two variables d i f fe r ,  depending on the level of the 
third variable. Thus, in addition to the comparison of the main 
effects, i t  is necessary to identi fy, within each race-population, the 
trend of changes in aggressiveness across generations separately for 
both cultivars (section 7.3.3).

7.3*2 TRENDS ACROSS THE MAIN EFFECTS: CULTIVARS, RACES, GENERATIONS AND 
ISOLATES : The mean values for four main effects (with fixed
interaction effect) are presented in Table 7.2. As stated previously, 
due to the considerable significance of interaction effects (Table 7.1;
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section 7.3.1), main effects can be considered for indication of their 
trends but more precise interpretation of the data requires inclusion of 
the interactive effects (section 7.3.3.; Table 7.3).

For all t r a i t s ,  cv. 1-488 was relatively more susceptible than 
cv. 1-214. With the exception of USU, race 4B was more aggressive than 
race 8A for all t r a i t s .  Across generations, a systematic increase in 
aggressiveness for all t ra i t s  could be observed from 1 to 6, and 6 to 11 
generations. Although significant (except for LP1), irradiation was 
less important than other main effects as a cause of variation in the 
t r a i t s .  While the non-irradiated population was more aggressive for IPF 
and USU, the irradiated population was more aggressive for ULD and 
USM.

The general consistency in ranking of all main variables (e.g. 
cultivars or races) across most t r a i t s  (except USU) suggests that 
aggressiveness levels observed within a monocycle, are indicative of the 
epidemiological fitness of the isolates and not due to artefacts of the 
t r a i t s  chosen.

7 . 3 . 3  TRENDS ACROSS GENERATIONS BY POPULATIONS WITHIN TWO RACES ON BOTH 
CULTIVARS : The level of aggressiveness (five t rai t s)  for 1, 6 and 11 
generations of non-irradiated and irradiated popualations of races 48 
and 8A on cvs 1-488 (on which they had been cultured) and 1-214, are 
presented in Table 7.3.

Note: In the following presentation, the specific population (non-
irradiated or irradiated) is mentioned only when there are marked 
differences in the trends between them. Also, the level of significance 
employed is P = 0.05, and this value is not repeated when discussing 
differences between treatments.

7 . 3 . 3 . 1  INCUBATION PERIOD TO FLECKING ( I P F )  : With race 4B,
irrespective of the cultivar,  generation or irradiation, IPF was not 
significantly affected. However, the aggressiveness of race 8A 
increased (decreased IPF) across generations on cv. 1-214, but not on 
cv. 1-488.



Table 7.3 Means3 of f i v e  aggressiveness t r a i t s  across 1, 6 and 11 
generations of non- i r rad ia ted  and i r r a d ia te d  populations of races 4B and 
8A of M_. medusae on cvs 1-488 and 1-214 of poplar.  Cel l mean values 
sharing the same superscr ip t  w i th in  a populat ion do not d i f f e r  

s i g n i f i c a n t l y  (P > 0 .05) .  For comparision of values across popu la t ions, 

races or c u l t i v a r s ,  use the L.S.D. values.

a) INCUBATION PERIOD TO FLECKING (IPF):

CULTIVAR RACE & 
POPULATION

GENERATIONS 
1 6 11

1-488
4B-NonIrrd 5.07a 5.13a 5.00a
4B- I r rd 5 .00a 5 ,00a 4.73a
8A-Noni rrd 6 . 0 0 a 5.80« 5.80a
8A- I r rd 6.00a 6,00a 6.00a

1-214
4B-NonIrrd 6 .13a 6.40ab 6.00a
4B- I r rd 6.26a 6.26a 6.13a
8A-NonIrrd 7.93c 7.53b 7.00a
8A- I r rd 8.13b 7.47 a 7.47a

LSDq .05 - TT7Z8T~

LATENT PERIOD TO PRODUCTION OF FIRST UREDINIUM (LP1) :

CULTIVAR RACE & GENERATIONS
POPULATION 1 6 11

1-488
48-NonIrrd 8 .13b 8.0ab 7.66a
4B- I r rd 8.26b 8.00ab 7 .66a
8A-NonI rrd 9.06c 8.53b 8.20a
8A- I r rd 8.46b 8.20ab 8.00a

1-214
4B-NonIrrd 9.33a 9.53a 9.25a
4B- I r rd 9.86b 9 . 26a 9 ,06a
8A-NonIrrd 10,60b 10.06a 9.86a
8A- I r rd 10.33a 10.46a 10.46a

LSD0.05 - ° - 378



c) UREDINIA PRODUCED PER LEAF DISK (ULD) : (Using sq. root transformed 
values)

CULTIVAR RACE & GENERATIONS
POPULATION 1 6 11

1-488
4B-NonIrrd 6.71b 5 . 73C 7.79a
4B -Ir rd 6.73c 7.66b 9 . 13a
8A-NonIrrd 5.31c 6.53b 7.02a
8 A -Ir rd 6.91a 6.71a 6.51a

1-214
4B-NonIrrd 4.37b 4.46b 5.57a
4B -Ir rd 3.31c 4.99b 5.57a
8A-NonIrrd 3.07C 3.95b 4.37a
8 A -Ir rd 3.8 7 a 4 . 19a 4.31a

i-S!)0.05 “ 0.462------ --  - - --~ ----- *-

d) UREDINIOSPORES PRODUCED PER
transformed va lues).

SQ. MM. OF LEAF (USM) : (Using

CULTIVAR RACE & GENERATIONS
POPULATION 1 6 11

1-488
4B-NonIrrd 6.71b 6.99a 7 .12f
4 B -Irrd 6.79b 7 .18a 7.37 a

_ 8A-NonIrrd 6.65C 7.05b 7.43a
8 A -Ir rd 7 . 05b 7.29a 7.34a

1-214
4B-NonIrrd 5.17C 5.39b 6.30a
4 B -Ir rd 5.26C 6.03b 6.64a
8A-NonIrrd 5.22° 5.72b 6 .19a
8 A -Ir rd 4.96° 5.2713 5.72a

LSDq.05 " 0.207

e) UREDINIOSPORES PRODUCED PER UREDINIUM (USU) : (Using log + 1
transformed values)'

CULTIVAR RACE & GENERATIONS
POPULATION 1 6 11

1-488
4B-NonIrrd 8 . 03b 8.63a 8.13b,
4B -Ir rd 7.90b 8.23a 8.08ab
8A-NonIrrd 8.44b 8.42b 8.75a
8 A -Ir rd 8.31b 8.62a 8.83a

4B-NonIrrd 7.35c 7.66b 8.26a
4B -Ir rd 7.96b 7.92b 8 ,31a
8A-NonIrrd 8.07b 8.08b 8.45a
8 A -Ir rd

Or~»
c

n.
r"- 7.60b 7.92a

LSDq .05 "
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7.3 .3 .2  LATENT PERIOD TO PRODUCTION OF FIRST UREDINIUM (LP1) : On cv. I -
488, both races 4B and 8A had s ig n i f ic a n t ly  increased th e i r  

aggressiveness fo r  latent  period by 11th generation. On cv. 1-214, such 
an increase in aggressiveness was apparent fo r  only race 4B ( i r rad ia ted)  
and race 8A (non- i r rad ia ted ) , and was s ign i f ican t  between the 1 
generation and 6 or 11 generations.

7 .3 .3 .3  UREDINIA PRODUCED PER LEAF DISK (ULD) : Both populations of race 
4B and non-i rradiated population of race 8A had s ig n i f ic a n t ly  higher 
aggressiveness fo r  ULD on both cu l t iva rs  at 11, compared to the 1 
generation. However, race 8A ( i r rad ia ted)  decreased i t s  aggressiveness 
on cv. 1-488 but increased on cv. 1-214 over generations, although such 
changes were not s ig n i f ic a n t .  The reason for lower level of 

sign if icance of 6th generation iso la te  of race 4B ( i r rad ia ted)  on cv. I -  
488 is not c lear.

7 .3 .3 .4  UREDINIOSPORES PRODUCED PER SQUARE MM OF LEAF (USM) : Both races 
increased th e i r  USM with increase in number of generations on both the 
cu l t i v a rs ,  but such changes were more pronounced on cv. 1-214 than on 
cv. 1-488; On the l a t t e r ,  the changes in aggressiveness of the races 
were usual ly greater between 1 and 6 generations than between 6 and 11 
generations.

7 .3 .3 .5  UREDINIOSPORES PRODUCED PER UREDINIUM (USU) : The pattern of 
changes across generations in race 4B on cv. 1-488 was re la t iv e ly  
inconsistent fo r  th is  t r a i t ,  with increase in aggressiveness from 1 to 6 
generations and decrease in aggressiveness from 6 to 11 generations. 
Such decrease in USU at 11 generation may be due to the larger number of 

uredinia observed fo r  th is  race. But race 8A exhibited increase in 
aggressiveness with increase in number of generations. On cv. 1-214, 

both races had s ign i f ica n t  increase in aggressiveness with increase in 

number of generations.

The aggressiveness of the i r rad ia ted population ( a l l  t r a i t s )  

was considerably less when d i re c t ly  inoculated at the beginning of the 
study (c f .  Chapter 4) but as the isolates representing the f i r s t  

generation had actual ly  been m u lt ip l ied  twice, they did not exh ib i t  any
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Plate 7.1 The aggressiveness (uredinial  number) of i solates  representing 
1, 6 and 11 generations (ser ial  culture) of race 4B (prior-  
i r r ad i a t ed) ,  on P. x euramericana cv. 1-488.
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residual effects of irradiation (Table 14.2)

7 . 4  DISCUSSION

According to Hill and Nelson (1983), expectation of genetic advance 
under selection depends upon selection pressure, amount of genetic 
variation within the population, the magnitude of differences between 
the genotypic values and the heritabili ty of variation. In the present 
study, as selection was not directly excercised on any of the t r a i t s ,  i t  
is reasonable to assume that much of the selection pressure was by the 
host. In the irradiated population, quantitative mutations, which 
extend the genotypic f lexibi l i ty for certain aggressiveness t ra i t s  (ULD 
and USM) may have occured. This would have increased the amount of
genetic variation in the population, and thus, could have been selected 
upon. According to Mukai (1979), the effect of polygenic mutation in 
the adaptation of the organisms has been less understood.

The present study may possibly explain the basis of 
observations in other plant pathogens, where isolates from a specfic 
cultivar were more aggressive on the cultivars from which they were
isolates compared to other cultivars (Caten, 1974; Clifford and 
Clothier, 1974; Wolfe and Barrett, 1980). Several workers have shown 
experimentally that repeated culturing of pathogen isolates on specfic 
compatible hosts could increase their aggressiveness on those hosts 
(Cherwick, 1958; Caten, 1974; Triantaphyl1ou, 1975; Wolfe and Knott, 
1982) and such a response may be due to the high heritabil i ty of the
particular aggressiveness t r a i t s  (Hill and Nelson, 1983,; Oard and
Simons, 1983). Also, such rapid response to selection, suggests that 
these aggressiveness t ra i t s  may be predominantly under additive genetic 
control, as observed in Ustilago hordei by Emara and Sidhu (1974).

The present study demonstrates that a compatible cultivar of 
poplar can exert directional selection pressure for enhanced 
aggressiveness of certain t r a i t s  in these two races of M_. medusae. This 
is in conflict with Vanderplank (1978) who suggested that
aggressiveness, being a 'non-race specific'  parameter, does not increase
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on host c u l t i v a rs ,  and any such increase observed would have negl ig ib le  
epidemiological e f fec ts .  An extrapolat ion from the present results 
suggest tha t ,  under favourable and general ly uniform environmental 
condit ions, the resistance expressed in a p a r t i a l l y  or quan t i ta t ive ly  
res is tant host genotypes may decrease. Also, much of the response of 
cv. 1-214 was general ly s im i lar  to that of cv. 1-488, the c u l t i v a r  on 

which the isolates had been cul tured. Such correlated responses of the 

cu l t iva rs  in supporting the d i rect ional  select ion of aggressisveness in 
races, suggest that both cu l t iva rs  may share some s im i la r  genotypic 
composition fo r  resistance. This is not surpris ing as both cu l t iva rs  

are natural hybrids (_P_. x euramericana) of unknown clonal parentage 
selected in the Po val ley of northern I t a l y  (Thielges, 1984). Alexander 
et al (1984a) observed increase in the aggressiveness of the f i e ld  
population of the Uromyces appendiculatus (Pers.) Unger, on the cv. 

US#39 of bean, a f te r  se r ia l l y  cu l tu r ing  fo r  f ive  generations on the 
p a r t i a l l y  resistant cv. sl im green. The proport ionately higher rate of 
increase in aggressiveness observed on cv. 1-214 may be due to the 
i n i t i a l  low aggressiveness of the isolates on th is  c u l t i v a r .

Rayner (1983) did not observe d i rect ional  select ion fo r  
increased aggressiveness of two races of M_̂_ la r i  ci -popul i na on P_. 
del to i  des Marsh, cv. 7-2. Possibly th is  resulted from the mesothetic 
nature of the reaction in th is  c u l t i v a r  to the races and thus, cu l t iva rs  
may d i f f e r  in exercising select ion pressure fo r  increased aggressivenes 
on races. Paxman (1963) could not observe any increase in 
aggressiveness of Phytopthora infestans (Mont.) de Bary on potato a f te r  
90 passages, while James and Fry (1983) a f te r  t rea t ing  the base 

population of _P_. i nfestans with a chemical mutagen (NTG), could not 
observe any increase in th e i r  aggressiveness upon subsequent ser ial  

cu l tu re.

Although, an increase in aggressiveness of t r a i t s  were 
observed upon ser ial  cu l tu r ing  in both i r rad ia ted  and non- irradiated 

populations, such an increase was general ly more pronouned in the former 

(basis ULD and USM) (Table 14.2). This suggests a genetic basis fo r  the 
observed aggressiveness t r a i t s .  Further, the general ly higher USM but 
lower USU values observed fo r  i r rad ia ted  compared to non- irradiated 
populations in certain instances (e.g. 11 generation isolates of race 4B
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on cv. 1-488; Table 14.3 d and e), indicate that an increase in spore 
production in i r rad ia ted population was achieved mainly by increase in 

the in fec t ion e f f ic iency ( i . e .  ULD) and less by increased fecundity per 
se of the i r rad ia ted populations. Possibly, i r ra d ia t io n  resulted in 

higher genotypic variance fo r  in fec t ion  e f f ic iency than fecuncity,  and 
or the select ion pressure fo r  the former t r a i t  was more e f fec t ive  than 
for the la t t e r .  H i l l  and Nelson (1982) observed higher h e r i t a b i l i t y  
values fo r  in fec t ion  e f f ic iency  in Helmin thosporium maydis Nisikado and 
Miyake race T on corn. Watson (1970) observed increased aggressiveness 
by treatment with EMS, a chemical mutagen, on Puccini a graminis f .  sp. 
t r i t i c i . Habgood (1976) suggested that the observed increase in 

aggressiveness of Rhyncosporiurn secal is (Oud.) Davis on barley hosts 
with no major genes fo r  resistance, was a consequence of mutation.

7 .5  SUMMARY

Two races (4B and 8A) of _M. medusae were cultured (asexual) separately 
on cv. 1-488 and isolates representing 1, 6 and 11 generations were 
tested fo r  the i r  t r a i t s  of aggressiveness on cvs 1-488 and 1-214. 
S ign i f icant  increase in the aggressiveness of the races were observed 
with an increase in the number of generations of ser ia l cu l tu re.  On cv. 
1-488, the magnitude of increase in the aggressiveness (ULD and USM) was 
s l ig h t ly  higher, when the base population of race 4B was i r rad ia ted (400 
Gy) p r io r  to the ser ial  cu l tu re .  This suggests the occurrence of 
mutation fo r  these quant i ta t ive  t r a i t s .  This pathogen can respond to 
selection pressure fo r  increased aggressiveness on these cu l t iva rs  
suggesting that quant i ta t ive  forms of resistance may erode over time.



CHAPTER 8

DISASSOCIATION OF AGGRESSIVENESS TRENDS AND SURVIVAL

IN  MIXTURES OF VIRULENT RACES OF MELAMPSORA MEDUSAE

8 .1  INTRODUCTION

I n __previous studies, the associat ion of virulence spectrum and
aggressiveness, of certain races of M. medusae, was negative in some 
(Chapter 6), but pos i t ive in other, cu l t iva rs  (Chapter 5). Also, races 

4B and 8A were observed to increase in aggressiveness when s e r ia l l y  
cultured fo r  few generations on cv. 1-488 (Chapter 7). In some 
pathogens, such pos i t ive  select ion fo r  aggressiveness on a c u l t i v a r  has 
been observed to influence the aggressiveness on other, unrelated 
cu l t iva rs  (T ra in taphy l lou , 1975; Wolfe and Barre t t ,  1980; Wolfe and 
Knott, 1982; Alexander et_ aj_, 1984a; Leonard, 1984). Such studies, 

which demonstrate pos i t ive  and negative association of aggressiveness 
trends in the pathogen races on various cu l t iva rs ,  have possible 
implicat ions in disease control by employing mixtures of those cu l t iva rs  
which support disassociat ion of aggressiveness trends in the pathogen.

Here, the v i ru len t  and av i ru len t  races re fer to those with 
broad and narrow virulence spectra, respectively (Chapter 4). Studies 
on mixtures, invo lving a v i ru len t  and an av iru lent  race, cultured fo r  
several generations on c u l t i v a r  susceptible to both races permits 
assessment of dominance of e i ther  race. Information from such studies 

are relevant to pathogen evolut ion and population sh i f t s  due to host 
c u l t i v a r  patterns, the aspects of which have been discussed elsewhere 
(Appendix 4).

Many competition studies wi th race mixtures employed a 

q u a l i ta t ive  ( v i ru lence /av i ru lence) , rather than quant i ta t ive  
(aggressiveness), analysis of the races, i e . ,  the investigation tested 
only the dominance of e i ther  race without emphasising the aggressiveness 

t r a i t s  of the races invovled. However, the l a t t e r  t r a i t s  may be
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important as they determine the fitness and competitiveness of the
component races during an epidemic. In some reports, a few
aggressiveness t ra i ts  of the component races were assessed to 
investigate the possible t ra i ts  conferring competitiveness (Ogle and 
Brown, 1971; Falhati-Rastegar et _al_, 1983). However, during serial 
culturing, changes in aggressiveness t ra i ts  may occur even within pure 
races (Chapter 7). Thus better estimates of the competitive fitness of 
the races can be made by recording t ra i ts  of aggressiveness of both the 
races and racernixes over the course of serial culture, in addition to 
that of number of pustules generated on the cultivars by the races or 
racemixes.

This investigation aims (1) to assess possible disassociat ion 
of aggressiveness trends by a virulent race (race 5M2) when cultured for 
eleven generations on cultivars cvs 1-488 and T-173; and, (2) to assess 
the survival of a virulent race (race 5M2) in competition with an 
avirulent race (race 5A) by serial culturing a mixture of the races (1:1 
proportion) over eleven generations on a susceptible cult ivar (1-488). 
The survival of the virulent race was determined by i ts  aggressiveness 
on a resistant cult ivar (T-173).

8 .2  MATERIALS AND METHODS

The virulent race was ser ial ly  cultured on both the susceptible and the 
resistant cult ivar,  whereas the wild type and the racemixture were 
cultured only on the susceptible cul t ivar. Finally, the isolates
representing 1, 6 and 11 generations of each race and racemi x were 
tested for their aggressiveness t ra i ts  on both the susceptible (1-488) 
and the resistant (T-173) cult ivars. In addition, changes in the
infection type of the races and their  mixtures on twelve dif ferent 
cult ivars of poplar, were recorded over the course of their  serial 
culture, and the results of this study are provided in Appendix 7. A 
similar study was conducted employing natural virulent mutant, race 4M 
and i ts  wild type race 4B, and the results of this study are also 
presented in Appendix 7.
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8 .2 d  THE PATHOGEN RACES : Studies were conducted with the radiation 
induced mutant, 5M2 (referred to as 5M) and i ts  wild type race 5A.

8.2.2 THE HOST CULITVARS: The virulent race (5M), avirulent race (5A) 
and their mixture were cultured on cv. 1-488 for eleven generations, 
while the virulent race (5M) was also cultured separately on cv. T- 
173. The virulence spectrum of the generation isolates of races and 
their  mixture were assessed on twelve cult ivars (Appendix 7).

8.2.3 SERIAL CULTURE OF THE RACES AND THEIR MIXES: The inoculation 
sequence followed to serial ly culture the races and their  mixture and 
subsequent testing of their  aggressiveness, on two cultivars of poplars, 
is shown in Fig. 8.1. Fresh, dry urediniospores of the virulent mutant 
and the avirulent wild type races were obtained by in i t i a l  
multipl ication on cv. 1-488 (_c. 6 generations) (section 2.4.1) . A 
uniform mixture (proportion 1:1) of races 5A and 5M was obtained by 
gently shaking a combination of 5 mg of urediniospores of each race on 
ster i le aluminium f o i l .  This mixture was subsequently inoculated onto 
the surface treated, detached leaves of cv. 1-488 which were then 
incubated in plastic Petri dishes under 'standard environment' (section
2.5.1) . At the end of the monocycle, when the uredinia were 
suff ic ient ly  mature and appeared f lu f fy ,  the urediniospores were 
collected, dried and mixed thoroughly. A portion of these spores were 
used subsequently to reinoculate the fresh leaves of cv. 1-488, while a 
portion of the urediniospores was preserved in a freezer at -14°C. This 
process was repeated for further 10 generations on fresh leaves of this 
cult ivar.  Similar serial culturing was made for the individual races 
(10 mg urediniospores) in each inoculation on the appropriate cult ivars 
( i .e .  race 5A on cv. 1-488 and race 5M on cvs 1-488 and T-173) (Fig.
8. 1)  .

At the end of eleven generations, urediniospores representing 
the 1, 6 and 11 generations of al l  the four serial cultures in each 
study (1 and 6 generations from the freezer) were multipl ied again on 
the respective cult ivars to produce fresh, dry urediniospores for 
assessment of the f inal aggressiveness and the competitive a b i l i t y  of 
the races. As race 5M had been cultured on both cult ivars, i t  is
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Race 5A  +  5 M  — cu ltu re d  on cv. 1—488 (racem ix)

1-488 T—173 1-488 T—173 1-488 T—173

Race 5 M  — cu ltu re d  on cv. 1—488 (5 M —I488)
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1—488 T—173 1-488 T —173 1-488 T —173

Race 5 M  — cu ltu re d  on cv. T—173 (5 M — T173)

I—488 T —173 1-488 T —173 1-488 T —173

Figure 8.1 Schematic diagram of the serial culture of M . meduseraces 5A, 5M  and 

m ixture 5A +  5M on cv. I-4 8 8 , and of race 5M on cv. T—173; the races

and the race m ixture were serially cultured for 11 generations, and urediniospores 

representing 1, 5 and 11 generations were again m ultip lied, for one generation 

on appropriate cultivars and inoculated on leaf disks cvs. I —488 and T—173, 

to assess aggressiveness.
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identif ied along with the cult ivars on which i t  was cultured ( i .e .  race 
5M-I488 or 5M-T173). As suff icient urediniospores of this race
representing the f i r s t  generation on cv. T-173 could not be obtained, 
those from cv. 1-488 (1 gen) were treated as 5M-T173 (1 gen) [Thus, 5M- 
T173 (1 gen) and 5M-I488 (1 gen) are identical] .  To produce 
urediniospores representing the race mix for f i r s t  generation ( for the 
final study), freshly produced individual races from the f i r s t  
generation were mixed again in equal proportion before inoculation, to 
obtain 4 mg of race mix inoculum.

8.2.4 FINAL INOCULATION OF THE RACES AND RACEMIXES : Urediniospores (4 
mg) of the isolates (representing 1, 6 and 11 generations from each race 
and the racemix) were deposited on leaf disks of cvs 1-488, T-173 (both 
15 replications) (Fig. 8.1), and dif ferentia l cult ivars (5 replications 
each) and on some coverglasses, in a spore sett l ing tower (section 
2.4.2). The tower was thoroughly washed with 70% ethanol and blown dry, 
between successive inoculations. Uniformity of deposition (variation 
less than 5%) and of germination of the urediniospores (al l > 93%) were 
assessed on the coverglasses. The inoculated leaf disks were placed on 
foam soaked with GA (10mg/L) and incubated in control growth cabinets 
under 'standard environment' (section 2.5.1).

8.2.5 OBSERVATIONS ON TRAITS OF DISEASE EXPRESSION: The following
tra i ts  of aggressiveness (section 2.6.2) were recorded on leaf disks 
(separately for cvs 1-488 and T-173), latent period to production of 
f i r s t  uredinium (LP1), uredinia produced per leaf disk (ULD) and 
urediniospores produced per square mm of leaf area (USM). Shorter LP1 
and higher ULD and USM reflect higher aggressiveness. Although other 
t ra i ts  viz. IPF and LP50, were also recorded, for brevity, they are not 
presented here. On the leaf disks of di fferential cul t ivars, the 
Infection Type (IT) on a scale of 0-4 (increasing disease severity) was 
recorded (Appendix 7)

8.2.6 STATISTICAL ANALYSIS: The data on aggressiveness t ra i ts  were
examined for homoscedasticity and normality of error variance (section 
2.7.1) and were appropriately transformed. The analysis of variance was 
performed on the factorial design (4 races x 3 generations X 2
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cult ivars).  The cell means (15 replications) were tested for 
significance in differences by least significant difference (LSD) method 
using a two-tailed ' t 1 test,  employing the standard errors of difference 
from the second order interaction component in the ANOVA.

The significance of difference between cell means was assessed 
at P = 0.05, and this is not recurringly mentioned in the results; thus 
when cell means are referred to as signif icant, i t  is at P < 0.05, and 
when not significant i t  is P > 0.05.

8.3 RESULTS

8.3.1 ANALYSIS OF VARIANCE : For al l t ra i ts  of aggressiveness, the main 
effects of race, generation and cult ivar were significant (P < 0.001) in 
partit ioning the variation observed (except generation for ULD, P < 
0.025) (Table 8.1). For all the t ra i t s ,  the proportional contribution 
to the variation was highest by cul t ivar followed by race and 
generation.

While most f i r s t  order interactions of these three main 
effects were usually signif icant (P < 0.001) contributors to variation 
in the t ra i t s ,  those of generation X cult ivar was not signif icant in 
explaining the variation in ULD (Table 8.1). However, the second order 
interaction of race X generation X cult ivar was signif icant for al l  
t ra i ts  (Table 8.1). When the variance of the interaction effects were 
added to that of the residual, the level of significance of the main 
effects remained unchanged and thus can be discussed independently.

The signif icant race X cult ivar interaction (generation effect 
held constant) for al l  t ra i ts  of aggressiveness, indicates a degree of 
physiologic specialisation or specif ic ity by these races on these two 
cultivars for the t ra i ts  recorded. The signif icant race X generation 
interaction (cult ivar effect held constant) observed for all  t ra i ts  
suggests that the rate of disease expresssion (LP1) and of disease 
severity (ULD and USM) differed within atleast some of the races over 
generations and there was a difference in either direction and/or the 
level of change between the two races. Similarly the signif icant
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Table 8.1 Analysis of variance3 of the races and racemixture of M. 
medusae for three aggressiveness t ra i ts^5 representing three generations 
(1, 6 and 11) on cvs 1-488 and T-173.

Source D. F. LP1 ULDC USMC

Race (R) 3 30.81 77.39 36.76
Generation (G) 2 4.95 2.71* 4.20
Cultivar (C) 1 546.42 270.77 273.66
R X G 6 5.42 5.09 17.28
R X C 3 27.31 134.72 64.43
G X C 2 22.92 0.96ns 3.86
R X G X C 6 7.28 5.22 19.15
Residual 336 0.53 0.60 0.18d
Total 357 3.18 3.30 3.14d

a Mean sum of squares has been presented. All unmarked values are 
s ignif icant  (P < 0.001); * denotes s ign if ican t  with P < 0.025; 'ns '  
denotes not s ign i f ican t .

b The three aggressiveness t r a i t s  are la tent  period to production of 
f i r s t  uredinium (L°l) ,  uredinia produced per leaf disk (ULD; square 
root transformed) and urediniospores produced per square mm of leaf 
(USM; Loge + 1 transformed). 

c Using transformed values.
d The residual and total degrees of freedom for USM is 240 and 261 

respect ive ly .
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8.2 Means3 fo r  three aggressiveness t r a i t s  on cvs 1-488 and T -173 by 

v i r u le n t  race 5M of M_. medusae cu ltu red  cv. 1-488 (5M-I483) and on cv. T-173 

(5M-T173), assessed a f t e r  1, 6 and 11 generations of se r ia l  cu l tu re .  The 

values sharing the same alphabet w i th in  a row do not d i f f e r  s i g n i f i c a n t l y  (P 

< 0.05) .  For comparisons of values across rows, use Least S ig n i f i c a n t  

D if fe rence (LSD) values ind icated under each t r a i t .

a) LATENT PERIOD (DAYS) TO PRODUCTION OF FIRST UREDINIUM (LP1)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 5 TI I 5 IT

RACES
5M-I488 7.27a 7.00a 7.27a 9.13b 9.87c 10.13d
5M-T173 7.27a 8.00b 7.93b 9.13c 9.42c 9.40c

Least s i g n i f i c a n t  d i f fe rence  ( LSD) q = 0.523

b) UREDINIA PRODUCED PER LEAF DISK (ULD) (using square root transformed 
values)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
5M-I488 4.9 7b 5.88a 5.99a 4.98b 4.89b 5.00b
5M-T173 4.97a 4.30b 4.81a 4.98a 4.99a 5.25a

Least s i g n i f i c a n t  d i f fe rence  (LSD)q = 0.560

c) UREDINIOSPORES PRODUCED PER SQUARE MM OF LEAF (USM) (using Log0 + 1 
transformed values)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
5M-I488
5M-T173

6.59bc
6.59a

7.06a 6.86a
6.53a 6.10b

6.43c
6.43a

6.02d 5.65e
6.27a 6.48a

Least s i g n i f i c a n t  d i f fe rence  (LSD)q^q5 = 0.346. 
a mean of f i f t e e e n  rep l ica tes .
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generation X c u l t i v a r  in teract ion suggests differences in the d irect ion 
or level of changes over generations on the cu l t iva rs .  The s ign i f ican t  
second order in te rac t ion  (race X generation X cu l t i v a r )  implies that at 
least some of the spec i f ic  two - fac tor  in te ract ions fo r  any two factors 
d i f fe red ,  depending on the level of the th i rd  factor . Thus, the 
in teract ion between any two factors need to be studied separately for  

each level of the th i r d  fac tor .  Hence, subsequent analysis is directed 
towards iden t i fy ing  fo r  each race, trends across generations for  

d i f fe re n t  c u l t iva rs ,  separately fo r  both experiments.

8 .3 .2 . DISASSOCIATION OF AGGRESSIVENESS TRENDS IN RACE 5M ON CULTIVARS 
1-488 AND T -173 .'-------  -------------- -- -------------------------------- — —

The mean values fo r  the three disease t r a i t s  of 1, 6 and 11 generations 
on cvs 1-488 and T-173 by isolates of races 5M-I488 and 5M-T173, are 
presented in Table 8.2.

8.3 .2.1 LATENT PERIOD TO PRODUCTION OF FIRST UREDINIUM (LP1) : The
aggressiveness of race 5M-I488 (race 5M cultured on cv. 1-488) increased 
(de~creas^ “ in “ la tent  period) over generations of culture (although not 
s ig n i f ic a n t ly )  on cv. 1-488, whi le on cv. T-173, i t  s ig n i f ic a n t ly  
decreased (increase in latent period) (Table 8.2a). The race 5M-T173 
(race 5M cultured on cv. T-173) s ig n i f ic a n t ly  decreased i t s  
aggressiveness fo r  LP1 on cv 1-488, while on cv. T-173, the changes were 
not s ign i f ica n t  (Table 8.2a).

8.3 .2 .2  UREDINIA PRODUCED PER LEAF DISK (ULD) : On the basis of ULD, the 
aggressiveness ~ of race' 5M-I488 increased s ig n i f ic a n t ly  on cv. 1-488, 
with increase in number of generations of cu l tu re ,  while on cv.T-173 i t  
remained re la t iv e ly  unchanged (Table 8.2b) The race 5M-T173 increased 
i t s  aggressiveness on cv. T-173 (but not s ig n i f ic a n t l y )  over 
generations, but on cv. 1-488, a decrease in aggressiveness from 1 to 6 
generations was apparent, although there was no s ign i f ican t  dif ference 
between 1 and 11 generations (Table 8.2b)
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Table 8.3 Meansa fo r  three aggressiveness t r a i t s  by race 5A and race mix 5A 

+ 5M of M. medusae on cvs 1-488 and T-173, assessed a f te r  1, 6 and 11 

generations of c u l tu r in g  on cv. 1-488. The values sharing the same alphabet 

w ith in  a row do not d i f f e r  s ig n i f i c a n t ly  (P < 0 .0 5 ) .  Use appropria te  LSD 

values from Table 8.3 fo r  comparisons across rows.

a) LATENT PERIOD TO PRODUCTION OF FIRST UREDINIUM (LP1)

GENERATIONS
REACTION ON c < • t—

H 1 -P
*

0
0

0
0

i REACTION ON cv. T-173
1 6 11 1 6 11

RACES
5A 8.27 b 7.47 a 7.73a _ 13.15d 10.36°
5A + 5M 8.20a 7.73a 8 ,06a 10.06b 10.87° 11.40°

b) UREDINIA PRODUCED PER LEAF DISK (ULD) (using square root transformed 
values)

GENERATIONS
REACTION ON cv. 1-488 REACTION ON cv. T-173

1 6 11 1 6 11

RACES
5A 6.36b 6.95 a 5.25b 0.00d 1.44° 1.43°
5A + 5M 4.19a 3.75a 3.94a 2.95° 2.50bc 2.14b

c) UREDINIOSPORES PRODUCED PER SQ. MM OF LEAF (USM) (using loge+l 
transformed values)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
5A
5A + 5M

7.45a
6.44a

7.53a 7.09b
6 .13a 6.23a

0.00d
5.05b

4.25c
3.54c

4.60°
2.94°

a mean of f i f t e e n  re p l ic a te s .
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8 .3.2.3 UREDINI0SP0RES PRODUCED PER SQUARE MM (USM) : The race 5M-I488 
s ig n i f ic a n t ly  increased i t s  aggressiveness on cv. 1-488 with increasing 

generations of ser ial cu l tu re,  but on cv. T-173 i t  decreased
s ig n i f ic a n t l y  (Table 8.2c). The aggressiveness of race 5M-T173, 

however, s ig n i f ic a n t l y  decreased on cv. 1-488, from 1 to 11 generations, 
but on cv. T-173 i t  remained re la t i v e ly  unchanged from 1 to 11 

generations (Table 8.2c).

8 .3 .3 . SURVIVAL OF VIRULENT RACE IN MIXTURE WITH THE AVIRULENT RACE

The aggressiveness (three t r a i t s )  of the racemixture and race 5A, over 
the course o f  ser ial  culture (1, 6 and 11 generations), on cvs. 1-488 
and cv. T-173 are presented in Table 8.3.

8 .3 .3.1 LATENT PERIOD TO PRODUCTION OF FIRST UREDINIUM (LP1) : The 
av iru lent  race 5A increased i t s  aggressiveness on cv. 1-488 fo r  LP1 with 
an increase in number of generations (Table 8.3a). However, in contrast 
to those observed in an e a r l ie r  study (Chapter 6), race 5A exhibited 
s l ig h t  virulence on cv. T-173 with increase in number of generations, 
but with delayed appearance of uredinia (Table 8.3a). The 
aggressiveness of the racemix (5A +5M) increased on cv. 1-488 (not 
s ig n i f ic a n t ly )  with increase in number of generations of cu l tu re ,  but on 
cv. T-173, there was a decrease in aggressiveness (Table 8.3a).

8 .3 .3 .2  UREDINIA PRODUCED PER LEAF DISK (ULD) : The aggressiveness for  
ULD by race 5A, increased from 1 to 6 generations, but between 1 and 11 
generations there was no-s ign i f ican t-d i f fe rence  (Table 8.3b). On cv. T- 
173, race 5A produced a few small uredinia at generation 6 and remained 
re la t iv e ly  unchanged _a±_ gene caLLioiLj.l^__J\ I t  hough,-the aggres-s-i verges s- of 
the racemix on cv. 1-488 decreased a f te r  generation 1, the change was 
not s ig n i f ic a n t .  However, the racemix, compared to both races 5A (Table 

8.3b) and 5M (Table 8.2b), had considerably reduced aggressiveness on

th is_c u l t i v a r ,  suggesting some antagonist ic interact ions between the
v i ru len t  and av i ru len t  races when mixed. On cv. T-173, the racemix had 
s ig n i f ic a n t ly  reduced aggressiveness over ser ial  cul ture (s ign i f ican t  
between 1 and 11 generations) (Table 8.3b). When backtransformed values 
were considered (c f .  Table 8.2b), the aggressiveness of racemix on cv.
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T-173 was always less than ha l f  of those observed by race 5M on th is  
c u l t i v a r ,  ind icating the interference by race 5A component of the 

mixture on the aggressiveness of race 5M on th is  c u l t i v a r .

8 . 3 . 3 . 3  UREDINIOSPORES PRODUCED PER SQUARE MM (ULD) : The race 5A had 
re la t iv e ly  reduced aggressiveness between 6 and 11 generations on cv. I -  

488, while on cv. T-173, the changes were not s ign i f ican t  between 6 and 
11 generations (Table 8.3c). The racemix (5A + 5M) although reduced i t s  
aggressiveness over generations on cv. 1-488, such reduction was not 
s ign i f ica n t  (Table 8.3c) . On cv. T-173, the racemix consistent ly and 

s ig n i f ic a n t ly  exhibited decrease in aggressiveness from 1 to 6 and 6 to 
11 generations. As observed for  ULD, the aggressiveness of the racemix 
fo r  USM was always less on cv. 1-488 compared to the mean sum of 
aggressiveness of races 5A and 5M on th is  c u l t i v a r  (c f .  Tables 8.2c and 

8.3c). S im i la r ly ,  the aggressiveness of the racemix on cv. T-173 was 
always less than ha l f  of the aggressiveness of race 5M on th is  c u l t i v a r  
(using back transformed values from Tables 8.2c and 8.3c).  Such 
dif ferences were more pronounced when back transformed values were 
considered.

A general ly s im i la r  results were obtained in a s im i la r  study 
employing race 4B and the natural v i ru len t  mutant race 4M (Appendix 7).

8 .3 .4  CHANGES IN  THE REACTION OF THE RACES ACROSS GENERATIONS ON A RANGE 
OF POPLAR CULTIVARS :

Both the races and racemixes, representing three generations (1, 6 and 
11) of ser ial  cu l tu re ,  were inoculated on leaf disks of twelve cu l t iva rs  
of poplars in each experiment. Changes in the reaction of the races 
(cultured on cv. 1-488 or T-173) were assessed on a simple scale of 0 - 
4 in fec t ion  type (IT) (section 2. 6) in both experiments (8.1 and 8.2) 
and the data are presented in the Appendix 7. Although the
aggressiveness t r a i t s  l i k e  LP1 and ULD were recorded on these cu l t i v a rs ,  

they are not presented here in an e f fo r t  to s impl i fy  the presentat ion; 
but rankings of the isolates based on in fec t ion type were consistent 
with that fo r  LP1 and ULD.
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In both experiments ( i . e .  involving radiat ion and natural
v i ru len t  mutant), over generations, there were frequent consipicuous 
trends in the in fec t ion  type (IT) of most races on most cu l t iva rs  
(Appendix 7). The cu l t iva rs  from each experiment could be grouped into 
one of the fo l lowing f ive  classes 1) those associated or correlated with 
observed general changes of aggressiveness on cv. 1-488, over

generations (cv. W-79/304), 2) those associated with the response of cv. 
T -173 (cv. W-79/306), 3) those on which aggressiveness increased
ir respect ive of the race or on the cu l t i v a r  on which the races were 
cultured (cvs 1-154, 60/164, 82-PH-1 and 65/70), 4) those on which
aggressiveness always decreased (7-2 and 60/166), and 5) those cu l t iva rs  
on which there were no observable changes in IT over generations or the 
changes were inconsistent (cvs. 10-3 and 40-2).

Although certain cu l t iva rs  were in the same class in both 
experiments (or were included in only one experiment), the d is t in c t ion  

of others was not consistent between experiments. For example, the
response of cv. Hickel iana to races, was s im i la r  to that of cv. T-173 in 
Expt. 8.1, but no change was observed on th is  cu l t iva r  in Expt. 8.2
(Appendix 7) . Such contrasts probably re f lec t  the differences in the 
races in th e i r  a b i l i t y  to respond to host selection pressure.

On these cu l t i v a rs ,  the wi ld types exhibited the narrowest 
virulence spectrum, followed by the racernixes, while the mutants had the 
widest virulence spectrum, in both experiments. The reaction of the 

w i ld  type and the mutants corroborate with the results of an e a r l ie r  
study (Chapter 5).

8 .4  DISCUSSION

This study examined the changes in aggressiveness (various t r a i t s )  by 
v i ru len t  and av i ru len t  races of M. medusae when cultured on two 
cu l t iva rs  of poplars, fo r  possible occurrence of disassociat ion of the 
aggressiveness in ,  and assessed the s u rv iva b i l i t y  of,  the v i ru len t  race 
in mixture with an av iru lent race on the susceptible cu l t i v a r  over 
generations. Although the resul ts  of studies with race 5M and 5A are 
discussed here, those employing races 4M and 4B were essentia l ly  s im i la r  
(Appendix 7).
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The cv. 1-488 was usual ly more susceptible to a l l  the isolates 
than cv. T-173. On cv. 1-488, the re la t ive  aggressiveness of the 
v i ru len t  mutants, when compared to th e i r  respective wi ld types, was low 
fo r  t r a i t s  of disease severi ty (ULD and USM), but high for  latent 
period. These observations are consistent with that of the e a r l ie r  
study (Chapter 6) and thus, the re la t ive  level of aggressiveness in both 

races and of the s u s ce p t ib i l i t y  of both cu l t iva rs  are not experimental 
a r te fac ts .  The d irect iona l  changes in the aggressiveness of the race 5M 
on cv. 1-488 also para l le l  with the resul ts  of previous study (Chapter 

7).

8 . 4 . 1  DISASSOCIATION OF THE AGGRESSIVENESS TRENDS IN  THE VIRULENT RACE :

Race 5M, when cultured on e i ther of the two cu l t iva rs ,  exhibited an 
increase in the aggressiveness fo r  some t r a i t s ,  towards i t ' s  'own1 
c u l t i v a r ,  accompanied with reduction in the aggressiveness on the 
'o ther'  c u l t i v a r .  When cultured on cv. 1-488, race 5M developed higher 
aggressiveness (shorter LP1, higher ULD and USM) on th is  c u l t i v a r  at the 
end of 11 generations compared to that  of the i n i t i a l  population (1 
gen). However, i t  had reduced aggressiveness when tested on the other 
c u l t i v a r ,  T-173 (Longer LP1 and smaller USM). Also, despite an increase 
in the aggressiveness fo r  t r a i t s  of disease severi ty (ULD and USM) by 
race 5M on cv. 1-488 at the end of 11 generations, i t s  mean 
aggressiveness was always lower than that of the race 5A at that 
spec i f ic  generation. Further, on cv. 1-488, the aggressiveness of race 
5M-I488 did not increase between 6 and 11 generations. This suggests 
tha t ,  on th is  c u l t i v a r ,  the race 5M may have reached i t s  maximum 
paras i t ic  potentia l  by 6 generations, and fur ther  increase was not 
possible, which may be due to the inherent virulence load i t  possesses 
(Leonard, 1977). Again, th is  observation is consistent with an e a r l ie r  
in te rpre ta t ion  (Chapter 6) that aggressiveness potential  of a race on a 

susceptible c u l t i v a r  may be dependent on the a/virulence make up of the 
race, and 'unnecessary' virulence may l i m i t  the aggressiveness of the 
races on a susceptible c u l t i v a r .

However, on cv. T-173 such d i rec t iona l  select ion fo r  increased 
aggressiveness was observed only fo r  the t r a i t  ULD. Thus the resistance 
(quant i ta t ive)  of th is  c u l t i v a r ,  as measured by latent  period and



113

sporulat ion, to th is  race appears to be f a i r l y  stable.

The reaction of the d i f f e re n t ia l  cu l t iva rs  to the races 

representing increasing generations of ser ia l  cu l tu re  (Appendix 7), is  
fu r the r  evidence of the disassociat ion of aggressiveness trends in these 
two races. Those cu l t iva rs  which f e l l  consis tent ly  in to  certain classes 
may be of sign if icance in creating heterogeneity by mosaic or mixture of 
such cu l t i v a rs .  Those c u l t i v a r  groups on which the aggressiveness of 
the pathogen tends to disassociate among themselves (e.g. the 1-488 
group and T-173 group) along with those on which aggressiveness tends 
always to decrease (cvs 7-2 and 60/166) (Appendix 7), are worthy of 

fu r the r  t r i a l s  in the f i e ld  to tes t  resul ts  from laboratory studies.
The cvs 10-3 and 40-2, which remained consistenly res is tant  to 

a l l  the isolates of the races over generations (Appendix 7), are also of 
in te res t  fo r  fu r the r  f i e l d  tes t ing .  However, some uredinia developed on 
both these cu l t iva rs  in previous experiments (Chapter 5) but such 
infect ions were not observed in the present study. This may be due to 
one of the fo l lowing :

1) The resistance genes of these two cu l t iva rs  may be 's trong'
( sensu Vanderplank, 1968, 1982), thus the corresponding
virulence a l le le  in the pathogen has low f i tness  to survive 
in the absence of th e i r  spec i f ic  resistance gene.

2) The background genes that determine the f i tness  of the 
present races may not match the host genotypes of these two 
cu l t iva rs  and thus although virulence towards these 
cu l t iva rs  has been observed e a r l i e r ,  i t  is not sustained 
fo r  lack of f i tness  t r a i t s .

8 . 4 . 2 .  THE INTERACTION OF VIRULENT AND AVIRULENT RACES ON CV. 1 -4 8 8  :

The racemixture representing generation 1 were obtained by phys ica l ly  

mixing, in equal proportions, of races 5A and 5M. Thus, in the absence 

of synerg ist ic or antagonist ic in te rac t ion  between these two races on a 

susceptible c u l t i v a r  (1-488), the mean aggressiveness of the racemix (1 
gen) should approach that of the mean of the sum of ind iv idual races in 

the same generation. For a l l  t r a i t s ,  but more pronouncedly in t r a i t s  of 
disease severi ty, there was evidence of antagonist ic in te rac t ion  of the 
races resul t ing in a reduced level of disease. As the v i ru len t  and
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avimlent races are expected to have a common genetic background, i t  is 
tempting to suggest that such a reaction results mainly from the 
interaction of a/virulence products.

Aggressiveness of the racemix on cv. 1-488 did not change 
appreciably with the serial culture and in some instances i t  decreased, 
with increasing number of generations. This contrasts with the 
behaviour of the pure races, (race 5M cultured on cv. 1-488, Table 8.2; 
races 4B and 8A, Chapter 7) which exhibited increasing aggressiveness 
over generations. Thus the low aggressiveness and absence of strong 
directional trend of increase in aggressiveness in the racemixtures on 
the susceptible cultivar, indicate that,  at least  within the experimental 
system, individual races are f i t t e r  to survive than the mixtures of 
virulent and avirulent races. This observation is supported also by the 
lack of marked increase in the aggressiveness of the wild types on cv. 
1-488 over generations (in contrast to results of Chapter 7), as in this 
experiment the wild type race 5A exhibited some virulent mutant biotypes 
in the population (Table 8.2b), which effectively makes the population a 
mixture of races. These observations have significant implications in 
disease control as the diversity in the host genotypes in cultivar 
mixtures may lead to racial polymorphism of the pathogen population. 
This variability may result in less disease due to the interactions of 
races or biotypes, not only on the susceptible cultivar but also on the 
resistant cultivar due to the factors of induced resistance (see Chapter 
11). This possible reduction in disease level would be additional to 
that suggested to result from other factors (Chapter 10). Chin et al 
(1984) made similar observations with Erysiphe graminis DC f. sp. hordei 
Marchal on Barley, where a mixture of or sequential inoculations of 
virulent and avirulent isolates in either order, always resulted in 
lower conidial production than that of virulent isolate alone on the 
resistant cultivar. A decrease in the aggressiveness when races of M. 
medusae, other than those employed here, were mixed in differing 
proportions and inoculated on cv. 1-488 has been observed (Prakash, 
unpublished) . Rayner (1983) also observed apparent antagonism between 
two races of M_. 1 arici -populi na when inoculated together on susceptible 
cultivars of poplar (single monocycle) and concluded that extent of such 
an interaction was dependent on the proportion of the component races in 
the mix. Antagonism between races have also been observed by Watson
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(1942) with P_. grami ni s f .  sp. t r i  t  i ci of wheat, and by Thurston (1961) 

with Phytopthora infestans of potato.

8 .4 .3  SURVIVAL OF THE VIRULENT RACE IN MIXTURE WITH AN AVIRULENT RACE :

In the racemixture, the race 5M i n i t i a l l y  consti tuted only ha l f  of the 
to ta l  population and thus the aggressiveness of the racemix as observed 
by ULD and USM on the cv. T-173 is a t t r ibu tab le  to the proport ion of 
th is  race in the racemixture population. At the end of eleven 
generations, the aggressiveness of the racemix on cv. T-173 reduced 
considerably, characterised by slower rate of disease progress and 
reduced disease sever i ty ;  such reduction in disease severi ty was more 
pronounced fo r  sporulat ion (USM) than the uredinial number (ULD). Thus 
the proport ion of/ and aggressiveness of/ race 5M was reduced when i t  was 
cultured, on a susceptible c u l t i v a r ,  in mixture with race 5A. This 
indicates that a race with a re la t i v e ly  narrow virulence spectrum may be 
f i t t e r  to survive on susceptible cu l t iva rs  in competition with a race 
with wider virulence spectrum. However, despite the higher 
aggressiveness of race 5A on the susceptible c u l t i v a r ,  the v i ru len t  
races were not completely eliminated from the mixtures, although such a 
phenomena where one race completely displaces the other, have been 
observed in few racemixture studies (Brown, 1975). Further, the 
proport ion of v i ru len t  mutants in the wi ld  type population (5A) cultured 

on cv. 1-488 increased s l ig h t ly  over generations. This inconsistency 
may stem from e i the r  or both of the fol lowing reasons:

1. The shorter la tent  period of the v i ru len t  mutants compared to
the av iru lent w i ld  type on cv. 1-488 may confer a degree of 
f i tness which in a single discrete inoculat ion method as 
employed in th is  study can compensate fo r  the lower 
in fec t ion  e f f ic iency  and sporulat ion, as v i ru len t  races 
(mutants) erupt a day or two e a r l ie r .

2. I f  the mutation fo r  virulence occurs a in super-aggressive

biotype (higher than the mean of the av iru lent populat ion), 
then i t  s t i l l  would have considerable f i tness despite i t s  

cost of viru lence.

I f  only the f i r s t  reason is considered, then the frequency of v i ru len t
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a l le le  in the natural av iru lent population in f i e ld  on a susceptible 
c u l t i v a r  would be fa r  less than observed here, because in a po lycycl ic  

epidemic the shorter la tent period by one or two days of the v i ru len t  
mutants may be in s u f f i c ie n t  to compensate fo r  the reduction in in fec t ion 

ef f ic iency and sporulat ion because of the con t inu i ty  of the inoculat ions 
that would occur as opposed to single 'one-t ime' inoculat ions in the 
present study (K. J. Leonard, pers. commun. ). Also, the above two 
reasons may account fo r  the appearance and maintenance of the mutant 
biotypes in race 5A (and also race 4B; Chapter 6 and Appendix 7) which 
are v i ru len t  towards cv. T-173. In the racemix, the lack of increase in 
the frequency of v i ru len t  races due to new mutations such as those 
observed in the w i ld  type races, are d i f f i c u l t  to explain in simple 

terms.
In the f i r s t  generation iso la te  of the racemix, where race 5M 

consti tutes ha l f  the populat ion, considerable reduction in 
aggressiveness was evident on cv. T-173 compared to the reaction of the 
indiv idual race 5M. For example, on cv. T-173, racemix (1 gen) had 
decreased aggressiveness fo r  latent  period (increased LP1) when compared 
to race 5M; s im i la r  observation was made fo r  ULD. Such deviations 
suggest interferences by the av iru lent  race in functioning of the 
v i ru len t  on the resis tant c u l t i v a r ,  and th is  may also have 
epidemiological implica t ions.

8.4,4 GENERAL IMPLICATIONS OF THE INVESTIGATIONS : Despite the
direct iona l  selection of aggressiveness in races due to observed 

p la s t i c i t y  of the quant i ta t ive t r a i t s ,  the occurrence of the 
disassociat ion of the aggressiveness trends in the v i ru len t  races on the 
cu l t iva rs  of poplar may have practical implicat ions in disease control 
through deployment of cu l t i v a r  mixtures. Simi lar disassociat ion of 
aggressiveness trends has been observed in other system 
(Triantaphyl lou ,1975; Hiura, 1978; Wolfe _et _al_, 1983; Alexander et a l , 
1984a).

When two or more c u l t iva rs ,  which do not support the uni
d i rect ional  select ion fo r  enhanced aggressiveness, are planted in 
mixtures, although a race v i ru len t  on a l l  the cu l t iva rs  could ar ise, 

such a race upon in fec t ing  a c u l t i v a r  would be expected to progressively
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increase i t s  aggressiveness on th is  c u l t i v a r ,  but may gradually lose i t s  
aggressiveness on the other cu l t iva rs .  Such a system would pose an
evolut ionary dilemma fo r  the pathogen (Wolfe, 1984) and thus, although 

ind iv idual select ion by host genotype would be fo r  high aggressive 
races, group selection might ensure moderate aggressiveness in the 
pathogen population (P a r le v l ie t ,  1983a). The present resul ts also 
suggest that on certain c u l t i v a r  combinations favour pos i t ive 
associat ion of aggressiveness trends in these races (Appendix 7). Thus, 
the c u l t i v a r  mixture can be expected to be succesful as means of disease 
reduction only with those c u l t i v a r  combinations on which the races 
exh ib i t  diverging aggressiveness trends, and on which the virulence 
spectrum and aggressiveneness are negatively associated (e.g. cv. 1-488 
and T-173).

Had the ser ia l cu l tu r ing  been extended fo r  a fu r ther  ten or 

twenty generations, the v i ru len t  races cul tured on e i ther c u l t i v a r  may 
possibly have become very d is t in c t  and may have been recognisable as 

d is t in c t  races ( sensu Stak man and Christensen, 1953), i . e .  as gradual 
reduction in aggressiveness by a race on a c u l t iva r  may resul t  
eventual ly in the the attenuation of vi rulence of th is  race on th is  
c u l t i v a r .  S im i la r ly ,  because of the apparent reduced aggressiveness of 
the v i ru len t  race, the proportion of the v i ru len t  race in the race 
mixture, over generations, may be reduced to the natural mutation 
frequency. Thus, although observed as aggressiveness disassociat ion in 
the present study, such trends may manifest as virulence disassociations 
(c f .  Alexander _et_ _al_, 1984b), which are apparent only in the long run. 
While the virulence disassociat ion, which may manifest due e i ther  to 

physical l inkage of virulence and avirulence genes or select ive forces 
(:Vanderplank, 1982; Wolfe and Knott, 1982; Wolfe et_ aj_, 1983; Alexander 

et a l , 1984), is helpful in combining those resistance genes
correspond!' ng to virulence genes from opposing groups, the 
aggressiveness disassociat ion helps to reduce the levels of disease 
despite the combinations of such virulence genes. Vanderplank (1982) 
has discussed the e f fec t  of environmental variables such as temperature 
on such virulence associat ions.
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8.5 SUMMARY

When the virulent races of M. medusae were serially cultured on cv. I- 
488, for 11 generations, although an increase in the aggressiveness 
(most t ra i ts )  with increasing number of generations on this cultivar was 
evident, there was a decrease in the aggressiveness of these isolates on 
cv. T-173. Similarly, the races cultured on cv. T-173, decreased in 
their  aggressiveness on cv. 1-488, although cv. T-173 did not exhibit 
strong selection on races towards higher aggressiveness. When the 
virulent and avirulent races were mixed (1:1) and serially cultured for 
11 generations on cv. 1-488, the aggressiveness of the racemix decreased 
on cv. T-173, with an increasing number of generations, suggesting the 
reduced survivability of the virulent race in competition with the 
avirulent race on the susceptible cultivar. An antagonistic interaction 
between the two races was observed on cv. 1-488. The results emphasise 
the need to promote polymorphism in the pathogen by heterogeneity in the 
host, and to exploit specificity in the host to effect disruptive 
selection on the pathogen.
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SECTION I I

CHAPTER 9

EFFECT OF CHANGING TEMPERATURE AND LIGHT INTENSITY ON HOST-PATHOGEN 
INTERACTIONS IN THE JM. MEDUSAE -  POPULUS SYSTEM

AN INTRODUCTION

9.1 IMPORTANCE OF THE ENVIRONMENT IN HOST-PATHOGEN SYSTEMS : The
physical environment, with the host and pathogen, is a component of the 

disease t r ia ng le .  The role of environment in host-pathogen situations 
is two-fo ld. F i r s t ,  the environment d i re c t ly  influences the level of 
disease by i t s  action on the host or pathogen or both (Colhoun, 1973). 
Second, the environment is an evolut ionary force acting on the host- 
pathogen systems, and thus may be s ign i f ican t  in maintaining the 
del icate  host-pathogen balance (Heather and Chandrashekar, 1982).

Many studies have been conducted to assess the d irect 
influence of environmental variables independently on the pathogen, or 
on the host, and on disease expression in the pathosystems of 
ag r icu l tu ra l  crops (Walker, 1965; Colhoun, 1973), and in leaf rusts of 
poplars (Heather and Chandrashekar, 1982; Singh and Heather, 1982 a & b 
and 1983). However the evolut ionary importance of the environment in 

inf luencing host-pathogen interact ions has’ been less studied.
Many variables of the physical environment v iz .  temperature, 

l i g h t  in tens i ty ,  photoperiod, humidity, etc. would be in teract ing with 
the host-pathogen systems. However, temperature is probably the most 
important of these variables and thus i t ' s  role is re la t ive ly  better 
understood than that of other factors (Vanderplank, 1978 and 1982). In 

the fol lowing review, only few examples, relevant to the objectives of 
th is  Section ( I I ) ,  are presented. Due to the abundance of reports of 
the effects  of temperature rather than those of other variables, th is  
l i t e ra tu r e  is ci ted more frequently.
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9 .2  EFFECT OF ENVIRONMENT ON HOST RESISTANCE : Influence of environment 
on the qua l i ta t ive  resistance of plant hosts to pathogens has long been 
recognised (e.g. Gassner and Stra ib , 1934; Newton and Johnson, 1936). 

Both pre-inoculat ion and post- inoculat ion temperatures could af fec t  the 

resistance patterns. For example, Gassner and Straib (1934) noted that 
pre- inoculat ion temperature below 14°C often increased su sce p t ib i l i t y  in 
wheat to s t r ipe  rust [ Puccinia gl umarum (Schm.) Err iks. and Henn.]. 
Similarly-, wheat plants susceptible to s t r ipe  rust at 12.9°C became 
resistant when exposed to a temperature of 25.3°C (Newton and Johnson, 
1936). Dyck and Johnson (1984) found many l ines of wheat with single 
genes fo r  resistance to Puccini a recondita Rob, ex. Desm., tö be highly 
sensit ive to post- inoculat ion temperature, but the reaction of some 
l ines was re la t ive ly  more independent of the changes in temperature. 
Likewise, Brown and Sharp (1969) have reported temperature s e n s i t i v i t y  
of minor genes of resistance in wheat to _P. graminis f .  sp. t r i t i c i .

Studies on resistance of poplar clones to M_. la r i  ci -popul i na 
(Heather and Chandrashekar, 1982) and M_. medusae; Singh and Heather, 
1982b) have c lear ly  establ ished the high environmental l a b i l i t y  of these 
systems. Both studies revealed that some clones of the poplar were 
highly susceptible to certain races of the leaf rust when incubated at 

pa r t icu la r  combinations of temperature (pre- and post- inoculat ion) and 
l i g h t  in te ns i ty ,  but less susceptible at other combinations.

The effect of temperature on resistance can be q u a l i ta t ive ,  
characterised by clear cut changes from resistance to su sce p t ib i l i t y  or 
vi ce versa. I t  can also be quan t i ta t ive ,  where such changes are 
manifested in the degree of s u sce p t ib i l i t y  for  various disease t r a i t s .  
Singh and Heather (1982b) observed that certain clones of poplars were 
highly res istant to certain races of M_. medusae when incubated at 25°, 

but susceptible at 15°C, while some other cu l t iva rs  showed the opposite 
trend. S imi lar ly  cu l t iva rs  of wheat containing Sr6 gene fo r  resistance 
to certain races of P_. graminis f .  sp. t r i t i c i  were completely resistant 
at 15° but susceptible at 27°C (Watson and Luig, 1968b). Similar 
changes in qua l i ta t ive  resistance in other systems have been reported by 
Green and Johnson (1955), Chandrashekar and Heather (1981) and Dyck and 
Johnson (1984).
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The effect of environment on quantitative changes in 
resistance can be assessed (in rusts) by changes in the latent period, 
infectious period, uredinial number, sporulation, disease progress 
etc. Generally i t  has been observed that increasing temperature results 
in decreasing latent period (Teng and Close, 1978; Eversemeyer et a l , 
1980; Singh and Heather, 1983). Singh and Heather (1983) observed a 
decrease in resistance of the poplar to M. medusae with increasing light 
intensity of incubation, and also observed changes in the latent period, 
uredinial number and sporulation as affected by interaction of the 
temperature, light intensity and photoperiod.

While a few studies have shown that with an increase in 
temperature of incubation the resistance of the host decreases, a 
reverse trend has been observed in many studies. Following an extensive 
review of some of the work which supported the former trend, Vanderplank 
(1978) hypothesised that " if temperature affects resistance, i t  affects 
i t  in the direction of reduced resistance at higher temperatu re . " He 
suggested that,  in instances where the results show otherwise (i .e.  
increase in resistance with increase in temperature), the temperature 
levels employed to obtain such resistances were above the cardinal limit 
for the development of the pathogen. Ellingboe (1978) has also implied 
that such trends of increasing resistance with decreasing temperature 
are a universal phenomena.

However, many recent studies have shown that the higher 
temperatures which el ic i t  resistant reactions in hosts, were within the 
upper cardinal limit for the system. For-example, Hyde (1982) reported 
that wheat cv. Maris Fundin was resistant at 20°, partially resistant at 
15° and susceptible at 9°C, to _P_. recondi t a . The limits of temperature 
and light intensity adopted in studies of Heather and Chandrashekar 
(1982) and Singh and Heather (1982 and 1983) were also within the 
cardinal limits of the respective pathogens studied and were similar to 
the environmental range observed naturally in the poplar growing regions 
of Australia. Dyck and Johnson (1984) referring to Vanderplank' s (1978) 
hypothesis, also showed many exceptions to his theory in the response of 
Lr genes in wheat to JP. recondi t a .
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9,3 SPECIFICITY AND PLASTICITY OF PLANT PATHOGENS TO THE PHYSICAL 
ENVIRONMENT : While some of the works c ited e a r l ie r  (section 9.2)
dealing with the role of environment on host resistance included the 
in teract ion of the pathogen also, there are many studies which have

demonstrated differences in the preference of the pathogen in th e i r  
virulence and aggressiveness to certain environmental regimes, on

occassions independent of the host e f fe c t .  Waggoner and Wallin (1952)
used the term ‘ environmental races' to describe cultures which respond 

d i f fe re n t l y  to varying environments while other workers have used the 
term 'ecotypes' (Boyd jr t  _a]_, 1969) or 'ecological races' (Line and 
Bugbee, 1964; Nelson, 1979). There are s im i la r  instances of sp e c i f i c i t y  
of certain pathogen cultures to certain environments in a few pathogens 
(Shepherd and Prat t ,  1973; Leonard, 1977a). Bisby (1943) was possibly 
the f i r s t  to implicate the role of environment as a c r i t i c a l  factor in 
inf luencing the fungal d is t r ib u t io n .  Ef fect of the physical
environments on pathogen, as on host resistance, can be qua l i ta t ive  or 
quant i ta t ive .  Qual i ta t ive ef fects  include changes in a/v irulence, while 
quant i ta t ive  ef fects are on changes in aggressiveness t r a i t s  e .g . ,  
latent period, uredinial production and sporulat ion. Singh (1983) found 
some races*tl_. medusae being more aggressive on certain clones of poplar 
at certain temperature and l i g h t  in tens i ty  combinations than at 
others. Chandrashekar (1981) made s im i la r  observations on
aggressiveness of races of M. 1a r ic i -p o p u l in a . Sood and Sackston (1972) 
reported that the optimal temperature fo r  penetration of sunflower by
Pucci nia hel ianthi Schw. varied among s t ra ins ;  while some strains 
penetrated best at 15-20°, others penetrated well at 20-25°C. They 
suggested that those strains having the widest temperature optima were 
l i k e l y  to have a survival advantage over those with a narrow range.

Cassel (1939) made s im i la r  conclusions on germination of races of P_.
graminis f .  sp. t r i t i c i .

There are a few instances where certa in pathogen cultures show

preference to th e i r  'own' envrironment, i . e .  the environment from which
»

they were isolated. For example, Boyd et_ aj_ (1969) found Western 

Austral ian cultures of many barley pathogens had consistent ly lower 
temperature optima compared with cultures from USA or Europe. This
corresponds with the temperatures during the growing seasons in these
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locations.  Browning (c i ted in Brown, 1975) isolated a s t ra in  of 

Puccini a coronata Corda from high a l t i tudes in Columbia that had a lower 
temperature optima than North American iso la tes ,  re f lec t ing  the lower 
temperatures expected to prevai l  in such high a l t i tudes .  S im i la r ly ,  
Shepherd and Pratt (1973) found some isolates of Phytopthora drechsleri  
Turner from warmer regions to have a higher temperature optima compared 
to those from cooler regions. McCoy and Blakeman (1976) observed some 
isolates of Mycosphaerel la  l i g u l i c o la  Baker, col lected from the 
glasshouse were re la t i v e ly  more to le ran t  to darkness while those 

col lected from the f i e l d  were more to le ran t  to UV l i g h t .

These observations c lear ly  suggest tha t ,  adaptations may have 
occurred in these pathogens to su i t  cer ta in ecological conditions 
prevai l ing in the spec i f ic  area. Thus, the environment may have acted 
as an agent in select ing those biotypes which are f i t t e s t  to survive in 
a spec i f ic  niche. Such adaptations, or even lack of them, would have 
practical  epidemiological implicat ions to sh i f ts  in populations, 
pathogen evolut ion and predict ion of potential  disease levels. For
example, Katsuya and Green (1967) showed that temperature s p e c i f i c i t ie s  
of races of P_. grami ni s f .  sp. t r i  t i  ci may determine the a b i l i t y  of the 
races to survive when mixed. They suggested that the r ise to
predominance of race 56 during 1956-61 in Canada may be related to the 

aggressiveness of that race in moderate to warm seasons which prevai led 
during that period i . e .  the condit ions were more suitable fo r  th is  
race. Nelson (1979) also suggested that  ecological sp e c i f i c i t y  of race 
T of Helminthosporium maydis was a c r i t i c a l  factor in preventing the 
pathogen from reaching epidemic proportions during 1971 in the 
midwestern corn belt  of USA, while H i l l  and Nelson (1976) provided some 
experimental evidence to support th is  theory.

Heather and Chandrashekar (1982), based on th e i r  results which 

showed the high environmental l a b i l i t y  of the poplar- leaf  rust system, 

concluded that environment may be an important factor in maintaining the 
d ive rs i ty  of pathogen populations as a consequence of d i f fe re n t ia l  
select ion pressures on the host-pathogen combinations and hence resul t  
in s t a b i l i t y  of the pathosystem. However there is a dearth of studies 
which have investigated experimental ly the p la s t i c i t y  of the pathogen in
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i t s  a b i l i t y  to respond by population changes to environmental select ion 

pressure, or indeed i f  environmental heterogeneity can promote 

polymorphism amongst pathogens. Line and Bugbee (1964) demonstrated 
that some cultures of P_. graminis f .  sp. t r i t i c i  could adapt in the i r  
germination to cold temperature (3-5°C) a f te r  select ion fo r  20 cycles at 
th is  temperature, but such isolates los t  th e i r  germinating a b i l i t y  at 
normal temperatures.

9.4 USE OF ENVIRONMENTAL SENSITIVITY IN BASIC STUDIES ON THE HOST- 
PATHOGEN RELATIONSHIP : Temperature se n s i t i v i t y  of the host or pathogen 
fo r  disease reaction is ideal fo r  the study of the biology of host- 
pathogen re la t ionship .  Such s e n s i t i v i t y  provides makes possible 
comparative biochemical or physiological assays of resistance or 
s u sce p t ib i l i t y  in the host, and virulence or avirulence in the pathogen 
without changing the genotypes of the host or pathogen involved.

Daly (1972) used the Sr6 gene in wheat for  resistance against 
_P. graminis f .  sp. t r i t i c i  race 56 to analyse many quant i ta t ive,  
chronological and biochemical aspects of resistance. The resistant 
reaction of the dominant Sr6 a l le le  is temperature sensit ive, resul t ing 
in resistance in the c u l t i v a r  when incubated at 20° but susce p t ib i l i t y  
when incubated at 24-25°C. By reciprocal transfers from high or low 

temperatures at various times a f te r  inoculat ion,  Seevers and Daly (1970) 
found that compat ib i l i ty  or incompat ib i l i ty  is determined between 60-80 
h a f te r  inoculat ion. Jones and Deverall (1977) observed that in wheat 
cu l t iva rs  with the Lr20 gene fo r  resistance against a culture of P_. 
recondTf a, the-temperatu-re sensit ive in teract ion resides in the host and 
they concluded that resistance seemed to be associated with changes in 
host ce l ls  leading to wide apread col lapse of the protop last.

El lingboe (1977) has advocated the use of temperature 

sensit ive mutants in the pathogen, s im i lar  to those used in other 

microorganisms such as Neurospora or yeasts, to study the aspects of 

basic compat ib i l i ty  in plant pathogens and to iso late the gene products 
necessary fo r  the posi t ive function of parasitism. Gabriel _et_ jil_ 

(1979), a f te r  obtaining temperature sensit ive mutants of Phyl1ostica 
maydis that were unable to grow at high temperatures on the host, but
which grew on agar media at th is  temperature, suggested that host-
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parasite specif ic i ty  is for incompatibil i ty, because mutations 
increasing virulence were concluded to be due to losses rather than 
gains in function. They also proposed that patterns of temperature
sensit iv i ty  of certain mutants indicate that avirulence may be one 
pleiotropic function of genes which otherwise supports the basic l i f e  
processes of the organism. Vanderplank (1978, 1982) has discussed some 
biochemical and evolutionary implications of the patterns of temperature 
sensit iv i ty  observed in various pathosystems.



CHAPTER 10

SELECTION PRESSURE BY INCREASING TEMPERATURE AND 

LIG HT IN T E N S IT IE S  ON MELAMPSQRA MEDUSAE

1 0 .1  INTRODUCTION

The a b i l i t y  of plant pathogenic fungi to expand th e i r  spectrum of
virulence (Day, 1974; Watson and Luig, 1968a) and th e i r  aggressiveness 
(Caten, 1974; Leonard, 1984) on host genotypes has been considered 
(Section I ) .  S imilar  adaptation by pathogens to changes in elements of
the physical environment, could explain the ecological p la s t i c i t y  of
certain plant pathogenic fungi ,  which have been observed to adapt to new 
niches e.g. beyond th e i r  normal seasonal or geographic occurrence (e.g. 
Martin, 1949). While environmental s e n s i t i v i t y  in the resistance of 
hosts to pathogens has been well studied (e.g. Vanderplank, 1978, 
Heather and Chandrashekar, 1982; Dyck and Johnson, 1984), s im i la r
s e n s i t i v i t y  in the virulence and aggressiveness of pathogens has been 

less studied although considerable sh i f t s  in racial composition of some 
pathogens have been a t t r ibu ted to th e i r  environmental s p e c i f i c i t ie s  
(Katsuya and Green, 1967; Nelson, 1979).

Race 4A of _M. medusae is compatible (+) [ In fec t ion  Type (IT) : 

3-4] with P_. deltoides cv. W-79/307 when incubated (post- inocula t ion) at 

low temperature and l i g h t  in tens i ty  (17°C/100 uEm-2s-l), but almost 

incompatible ( - )  ( IT: 1-2) at high temperature (26°C), and f u l l y  
incompatible ( - )  (IT: 1) at high l i g h t  in tens i ty  (700 uEm-2s-l) (Table 
10. 1).

This chapter reports the adaptation of race 4A for

com pat ib i l i ty  with cv. W-79/307 at 26°C or 700 uEm-2s'l fo l lowing ser ia l 
cu l tu r ing  and select ion, in separate experiments, of the host/pathogen

combination in ascending temperature (Expt. 10.1), or l i g h t  in tens i ty  
(Expt. 10.2) regimes. The re la t ive  aggresssiveness of isolates of the 
race, selected at certain levels in the temperature or l i g h t  in tens i ty
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series, is also reported. A summary of a similar but separate 
preliminary study on temperature selection has been presented elsewhere 
(Prakash and Heather, 1983).

Table 10.1 The compatibili ty (+) or incompatibili ty (-) of race 4A (base 
population) of M_. medusae on P_. del toi des cv. W-79/307 at di fferent 
temperature and l igh t  intensity combinations of incubation.

Temperature (°C) Light intensity (uEm-2s- l )
100 700

17 +
26 -

10.2 MATERIALS AND METHODS

10.2.1 PRODUCTION OF ISOLATES ADAPTED TO SPECIFIC ENVIRONMENTS : The
procedure for selection of isolates adapted to specfic regimes of 
incubation is i l lustrated in Fig. 10.1. This experimental design 
involved serial culture of race 4A (three cycles in each regime) on 
detached leaves of of cv. W-79/307, [supported on gibberellic acid, in

separate growth cabinets (+ 1°C temperature variation, 100 uEnr2s-1 
l igh t  intensity, 16 h photoperiod)] maintained at temperatures of 17, 
20, 23 or 26°C (Expt. 10.1) (Stage I of Fig. 10.1). Although, i n i t i a l l y  
very few uredinia developed when isolates from 23°C regime were 
inoculated and incubated at 26°C, a further four generations of culture 
at the la t te r  temperature enabled production of suff icient inoculum for 
the experiment. A similar set of isolates was obtained by serial
culturing (three cycles) of race 4A on comparable leaves in a further 
set of growth cabinets (± 20uEnr2s- i  variation in l ight intensity,
16+1°C temperature, 16 h photoperiod) held at l igh t  intensities of 100, 
300, 500 or 700 uEm-2s-l (Expt. 10.2) (Stage I of Fig. 10.1). As in the 
temperature study, the isolates from 500 uEm-2s-l produced very few 
uredinia i n i t i a l l y  when incubated at 700 uEm-2s-l, but upon subsequent





Fig. 10.1
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serial culture at the la t ter  l ight intensity, the isolates demonstrated 
comparable aggressiveness.

Hereafter these isolates are referred to as, for example the 
17 T- or the 700 LI- isolate, in Expt. 10.1 and Expt. 10.2, 
respectively. After completion of three cycles in a particular 
environment, the urediniospores of the isolate were collected, dried, 
labelled and stored (-14° C).

When al l isolates had been prepared they were removed from 
storage, inoculated separately on a further series of surface steri l ised 
detached leaves of cv. W-79/307 and incubated for a single cycle at the 
appropriate temperature or l ight intensity regime, to produce fresh 
uredi niospores of uniform age (Stage I I  of Fig. 10.2). These la t te r  
■ttrettf niospores were-trs-ed for eval uartrrorr-of vi rulence 'and aggressi veness 
at different temperatures (Expt. 10.1) or l igh t  intensities (Expt. 10.2) 
of incubation.

10.2.2 EVALUATION OF AGGRESSIVENESS OF ISOLATES SELECTED AT DIFFERENT 
ENVIRONMENTS : Leaf disks were punched from surface steri l ised leaves of 
uniform age from plants of cv. W-79/307 and shaken in a steri le 
polythene bag to ensure randomisation and thus subsequent uniform 
disease expression within a treatment. The fresh, dry spores of each T- 
or LI - selected isolate were deposited (5 mg for Expt. 10.1 and 4 mg 
for Expt. 10.2) separately on replicate leaf disks (80 for Expt. 10.1, 

-and 60 for Expt.—10.2) and on some cover glasses, in a spore sett l ing 
tower (section 2.4.2). The lower spore load employed in Expt. 10.2 
resulted from the decreased spore production by certain isolates in that 
study. The spore tower was steri l ised, (washed with 70% ethanol) and 
blown dry between successive inoculations. For each isolate, uniformity 
of deposition (variation less than 5%) and germination of the 
uredi niospores (more than 95% in all isolates) were checked on the 
coverglasses. Replicate leaf disks (20 in Expt. 10.1 and 15 in Expt.

10.2), were incubated in plastic Petri dishes, i n i t i a l l y  at 16±1°C under 
diffused l igh t  (30-50 uEm-2s - l )  f o r  24 h, to permit uniform, maximum 
spore germination, and penetration of the disks by germ tubes (Singh and 
Heather 1982c). Subsequently, Petri dishes were incubated at one of the
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four temperatures (17 , 20, 23, 26° C, constant l ight intensity 100

uEm-2s- l ;  Expt. 10. 1) or one of four l igh t  intensities (100, 300, 500, 
700 uEm-2s-l» constant temperature 16°C ; Expt. 10. 2) in separate 
modified Phytotron L. B. cabinets (16 h photoperiod, cool, Philips® 
fluorescent tubes, Morse and Evans 1962) (Fig. 10.1). Hence both 
experiments consisted of a factorial design of four isolate populations 
X four environment/incubations (Stage I I I  of Fig. 10.1).

10.2.3 OBSERVATIONS ON DISEASE EXPRESSION : Both virulence and
aggressiveness were recorded for the isolates. Changes in the virulence 
were recorded quali tat ively as Infection Type (IT), at the end of the 
monocycle, on a 0 - 4 scale of increasing disease severity (section 
2.6.1) where 0 - immune, with no macroscopic symptoms, 1 
chlorotic/necrotic spots, ia - necrotic spots with few minute uredinia, 
and 2 to 4 - increasing number and size of uredinia. The ITs 0, 1 and 
ia represent avirulent, while 2 to 4 denote virulent,  reactions.

Four t ra i ts  of aggressiveness were recorded, viz. 1) 
incubation period (days) to flecking (IPF); 2) latent Period (days) to 
the production of the f i r s t  uredinium (LP1); 3) number of uredinia per 
leaf disk (UID), and 3) number of urediniospores produced per mm2 (USM) 
(section 2.6.2).

10.2.4 STATISTICAL ANALYSIS : The analysis of variance (AN0VA) was
performed for the 4 X 4  factorial design using transformed values for 
ULD and USM, after testing the data for homoscedasticity and normality 
of error variances (section 2.7.1). The treatment means were compared 
using student's 111 test (P = 0.01) employing the standard errors of 
difference of the interaction component from each t r a i t .

For all the treatments in both studies, curves of disease 
progress (mean number of uredinia per leaf disk were recorded daily 
throughout the monocycle) were f i t ted  using the following quadratic 
model (Section 2.7.3).

y i = bo + bixi + b2xi2 + ei
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10 .. 3 RESULTS 

10.3.1 OBSERVATIONS ON INFECTION TYPE OF ISOLATES (BOTH EXPERIMENTS) : 

When the population of race 4A of !'.1_. medusae \vas serially cultured in 

ascending temperature or light intensity regimes, certain isolates were 

completely virulent (IT > 2) on cv. W-79/307 at either 26°C (Fig. 10.2) 

or 700 uEm-2s-l (Fig. 10.4). This contrasted with the base population 

which was essentially avirulent (IT < 2) on this cultivar at these 

environments. 

The IT was maximum for all the T- isolates when incubated at 

20°C (Fig. 10.2). The IT of the 17 T- isolate was maximal (IT: 3) when 

incubated at lower temperatures (17° and 20°), decreased at 23° (IT: la) 

and was minimal (IT: 1) at incubation temperature of 26°C. The IT of 

the 26 T- isolate was maximum (IT: 4) at all temperatures of incubation 

while those of 20 T- and 23 T- isolates were reduced only when incubated 

at 26 °C (IT: 2). 

Similar trends were noticed in isolates selected at various 

light intensities (Expt. 10.2; Fig. 10.4). Both the 100 LI- and 300 LI

isolates had decreased IT (IT: 3 to either la or 1) when incubated in a 

light intensity above 300 uEm-2s-1, while the 700 LI- and 500 LI

isolates had maximal IT (IT: 4) at all four light intensities of 

incubation. 

10.3.2 AGGRRESSIVENESS OF ISOLATES SELECTED AT SPECIFIC TEMPERATURE 

REGIMES (EXPT. 10.1) The temperature isolates (T-), the incubating 

temperature and their interaction vJere significant (P < 0.001) sources 

of variation in all the four traits of aggressiveness (Table 10.2). 

While the temperature of incubation was the greatest contributor to 

variation in timing of the disease expression (IPF and LPl), isolates 

were more important sources of variation in the amount of disease 

produced (ULD and USM). When the variance due to the interaction 

component is added to the residual variance and the variance of the main 

effects re-calculated, these are still highly significant sources of 

variation (P < 0.001) in all the traits in both experiments. This 

permits discussion of the main effects independent of their interaction 

(Chandrashekar and Heather 1981). 
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Table 10.2 Analysis of var iance fo r  four t r a i t s  of aggressiveness of 

four  temperature adapted iso la tes  of _M. medusae on I P .  del to i  des cv. W- 

79/307, incubated at four  temperatures3^ (Expt. 10.1).

Source D F IPF LP1 ULD USM

Iso la te 3 26.87 106.64 124.88 45.82

Temperatu re 3 120.45 95.66 76.98 19.37

Iso la te  X Temperature 9 2.12 4.27 26.76 6.01

Residualt 304 0.17 0.85 0.83 0.43

Total  t 319 1.61 2.96 3.48 1.71

a Using transformed values f o r  ULD (sq. root)  and USM (Log USM + 1)
b Al 1 the values are■ h igh ly s i g n i f i c a n t , P < 0.001.
t  For USM, residual and to ta l  degrees of freedom is 176 and 191

respec t ive ly .

Table 10.3 Summary of analysis of variance fo r  four  t r a i t s  of 

aggressiveness of fou r  l i g h t  i n t e n s i t y  adapted iso la tes  of M_. medusae on 

_P_. de lto ides cv. W-79/307, incubated at four l i g h t  in te n s i t ie sa b  (Expt. 

10. 2).

Source D F IPF LP1 ULD USM

Iso la te 3 1.69* 39.24 72.64 45.38

L igh t  i n te n s i t y 3 0.29ns 57.37 27.90 25.07

Iso la te  X L ight I n t . 9 3.23 4.04 13.39 17.54

Residualt 224 0.45 0.62 0.84 0.08

Total t 239 0.56 2.14 2.57 2.01

a Using transformed values fo r  ULD (sqaure root)  and USM 
[Log (USM+1)]

b A l l  unmarked values are h igh ly  s i g n i f i c a n t ,  P < 0.001;
* s i g n i f i c a n t ,  P< 0.025; ns - Not s i g n i f i c a n t ,  P > 0.05. 
t  For USM, residual and t o ta l  degrees of freedom is  176 and 191 

respec t ive ly .
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Figure 10.2. The level of the In fec t ion Type (IT) and re la t ive  
aggressiveness t r a i t s  of temperature selected (T-) isolates (17, 20, 23 
and 26) of M_. medusae when incubated at four temperatures on _P_. 
del to i  des cv. W-79/307. The four t r a i t s  of aggressiveness were 
incubation period to f lecking (IPF), la tent  period to production of 
f i r s t  uredinium (LP1), uredinia produced per leaf disk (ULD), and 

urediniospores produced per sq. mm of leaf (USM). Square root 

transformed values fo r  ULD and Loge + 1 values fo r  USM, are presented. 
Each.value is a mean of 20 rep l ica t ions .
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Figure 10.3. Disease progress curves (basis number of uredinia per leaf 
disk) for the four temperature selected (T-) isolates (17 , 20, 23 and 
26) of medusae when incubated at four temperatures on P_. del toi des 
cv. W-79/307.
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At various temperatures of incubation there was a general 
consistency of ranking (26 > 23 > 20 > 17) for aggressiveness (basis ULD 
and USM) of the isolates (Fig. 10.2). However the 17 T- isolate was
more aggressive (basis ULD and USM) when incubated at 17° and 20° C,
than at 23° and almost avirulent at 26° C (Figs 10.2 and 10.3). The 
aggressiveness of the 20 T- isolate varied in a similar but less
pronounced manner over the temperature scale, while the 23 T- and 26 T- 
isolates were highly aggressive at al l  the temperatures of incubation
with the 26 T- isolate being the most aggressive (Figs 10.2 and 10.3). 
Such contrasts in behaviour of isolates may explain the significant 
interaction (temperatures of incubation x isolate) in the AN0VA despite 
the general constancy in ranking of the isolates.

Most T- isolates, but pronouncedly the 17 T- isolate, had a
shorter IPF and LP1 when incubated at 26°C than at a lower
temperature. In contrast, for most of the T- isolates (except 26 T- 
isolate), ULD and USM are signi f icantly lower when incubated at 26°, 
rather than at a lower temperature (Fig. 10.2). At most temperatures of
incubation the high temperature isolates (23 T- and 26 T-) had a shorter
infectious period ( i .e .  time from uredinial eruption to disintegration) 
compared to low temperature isolates (Fig. 10.3). Irrespective of the 
temperature of incubation, the consistent ranking of the T- isolates for 
the rate of disease progress (26 > 23 > 20 > 17) (Fig. 10.3) parallaled 
that for ranking for ULD at the end of the monocycle suggesting that the 
la t te r  is not an artefact of the time at which ULD was recorded. 
Although the curves for 26, 23 and 20 T- isolates were essentially 
quadratic, that for the 17 T- isolate was linear. This resulted from 
the low uredinial density produced by this isolate; this was associated 
also with a relatively long infectious period (Fig. 10.3).

AGGRESSIVENESS OF ISOLATES SELECTED AT SPECIFIC LIGHT INTENSITY REGIMES
(EXPT. 10.2) : The l igh t  intensity (LI-) isolates, l igh t  intensity of 
incubation (except for IPF, P > 0.05) and their interaction were
signif icant (P < 0.001) sources of variation for the t ra i ts  of
aggressiveness (Table 10.2). Light intensity of incubation was the 
major source of variation in the timing of disease expression (LP1), 
while LI- isolate was the most important contributor to variation in the
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Figure 10.5. Disease progress curves (basis number of uredinia per leaf 
disk) for the four l ight  intensi ty selected (LI-) i solates  (100, 300, 
500 and 700) of M_. medusae when incubated at four l ight  intensi ty 
regimes on P. del toi des cv. W-79/307.
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amount of disease produced (ULD and USM).

The 100 LI- iso la te  decreased in aggressiveness (ULD and USM) 

over the range (100-700 uEm“ 2s“ l )  of l i g h t  in tens i ty  of incubation and 
was av iru lent  at 700 uEm-2s- l  (Fig. 10.4 and 10.5). Although the 300 
LI-  iso la te  also decreased in aggressiveness (most t r a i t s )  over the
range of increasing l i g h t  in tens i ty  of incubation, i t  was v i ru len t  at 
700 uEm- 2s- l .  Again i rrespect ive of the l i g h t  in tens i ty  of incubation, 

the 500 and 700 LI- isolates were usual ly more aggressive (a l l  the
t r a i t s )  than the 100 and 300 LI-  isolates (except fo r  IPF at 100 

uEm-2s- l ) s with the 500 LI- iso la te  frequently more aggressive than 700 
L I -  iso la te  (Fig. 10.4). The ranking of the LI-  isolates from the
disease progress curves (Fig. 10.5), at each l i g h t  in tens i ty  of 
incubation, in general para l le ls  the ranking based on ULD of the
isolates at the end of the monocyle (Fig. 10.4).

In a fu r the r  study, when fresh leaf disks of cv. W-79/307 were 

inoculated with the urediniospores from the 26 T- iso la te  (o f Expt. 

10.1) and incubated at 16°C/700 uEm-2s-l, the iso late was av i ru len t .  
S im i la r ly ,  the 700 LI-  iso la te  was incompatible on th is  cu l t i v a r  when 

incubated at 26°C/100 uEm-2s“ l .  This demonstrates the fu r ther  
s p e c i f i c i t y  of the isolates towards a pa r t icu la r  'environment'.

In an addit ional experiment, urediniospores of the base 
population of race 4A were mult ip l ied  fo r  2 cycles on cv. 1-488 at 

temperature/ l ight in tens i ty  combinations of 26°C/100 uEm*2s-l or
16°C/700 uEm-2s-l (environments at which th is  cu l t i v a r  is compatible 
with race 4A). These urediniospores produced on cv. 1-488 gave
incompatible reaction when col lected and deposited on disks of cv. W-

79/307 which were incubated at 26°C/100 uEm-2s- l  or 16°C/700 uEm-2s- l *  
This is suggestive of the role of the c u l t i v a r  in mediating the 
environmental select ion pressure on the pathogen.
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10 .4  DISCUSSION

The incubation of the leaf disks of all treatments in a uniform, 
congenial environment for 24 h, prior to allocation to specific regimes 
of temperature or light intensity, ensured that the virulence and 
aggressiveness recorded for the isolates in the various environments 
resulted from the post-penetration interaction of host, pathogen and 
environment (Singh and Heather 1982c).

While the base population and 17 T- and 100 LI- isolates were
avirulent when incubated on cv. W-79/307 at 26°C and 700 uEm_2s 
respectively, those isolates that were sequentially cultured at 
increasing temperatures or light intensit ies (26 T- and 500/700 LI-) 
were virulent at these environments (Figs 10.2 and 10.4). Thus these 
lat ter  selected populations had 'adapted' to the higher temperature or 
light intensity of incubation. Thus, the population of race 4A of M. 
medusae, which is of mono-urediniospore in origin and reproduced 
asexually, responds rapidly by changes in i ts  virulence to selection 
pressures of changing physical environmental conditions.

However, the nature of the isolates and the procedures 
employed (Fig. 10.1) to obtain them restr icts the precise assessment of 
relative aggressiveness in certain results.  For example each T- isolate 
is probably a population of mixed biotypes, each with a potential for 
virulence on cv. W-79/307 at one or more of the temperatures at which
the isolates were selected. The proportion of biotypes is likely to
vary between isolates depending on the selection pressure at each
environment and such variation will affect the aggressiveness as 
measured by most t r a i t s .  Further, the population of urediniospores 
selected as the 17 T-, 20 T-, 23 T-, 26 T- isolate had been cycled on 
cv. W-79/307 for 4, 5, 7 or 9 serial generations (Fig. 10.1). The 
aggressiveness (most t rai t s )  of certain races of _M. medusae on a
cultivar has been observed to increase with an increased number of 
serial generations on the cultivar (Chapter 7 and 8). This reservation 
would explain also the absence of dominance of 26 T- isolates in the 
base population despite i t s  observed high aggressiveness at low 
temperatu res.
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Assessment of virulence on the qualitative infection type 
scale should be less affected by these reservations. Thus the virulence 
of the 26 T- (IT: 4) and the 700 LI- (IT: 3) isolates on cv. W-79/307 
when incubated at 26°C and 700 uEm-2s-l respectively, is beyond the 
potential of the biotypes constituting the base population from which 
these adapted isolates were obtained. Such differences in environmental 
specif ic i t ies of the isolates would be due to genetic differences rather 
than physiological p last ic i ty ,  because, subsequently biotypes with 
di ffer ing temperature optima were succesfully isolated in the base 
population ( i .e .  some biotypes were virulent at 16° but completely 
avirulent at 26°C) using the leaf replica technique (Appendix 3).

The reduction in aggressiveness, relative to that of the other 
isolates (basis ULD) of the 17 T- and 100 LI- isolates over the range 
of incubation temperatures 17-26°C and l igh t  intensities 100-700 
uEm- 2s"l» is evident throughout the course of the disease monocycle 
(Figs 10.2 and 10.4) and is not a consequence of the serial cycling of 
these isolates (each underwent three cycles only in their  specific 
environments) nor is i t  an artefact of the time of assessment of ULD or 
USM. This reduction suggests that the particular isolates were selected 
to be most aggressive at their 'own' temperature or l igh t  intensity of 
incubation, i .e .  the level of the environmental factor at which they 
were cycled on the cult ivar. In a conceptual sense this agrees with the 
reports that some biotypes of plant pathogens were most aggressive on 
those culitvars on which they were isolated (Caten, 1974; Cli fford and 
Clothier, 1974; Wolfe and Barrett, 1980).

The aggressiveness of the 26 T- or the 500/700 LI- isolate was 
independent of the respective temperature or l ight intensity regimes 
over which they were incubated; further under these regimes they are the 
most aggressive among their  particular group (temperature or l ight 
intensity) of isolates. However the biotypes which make up these 
isolates do not constitute the bulk of the population of the 17 T- 
isolate or 100 LI- isolates, otherwise these la t te r  isolates would be 
highly aggressive and also highly virulent (IT > 3) at the high 
temperature or l ight intensity of incubation. Possibly, the high 
uniform aggressiveness of the high temperature and high l igh t  intensity
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isolates under certain condition of incubation results in part from the 
adaptation to cv. W-79/307 following their  cycling on this cul itvar for 
nine generations. However both the 26 T- and 700 LI- isolates were
avirulent on cv. W-79/307 when incubated at 16°C/700 uEm-2s-l and 
26°C/100 uEm“ 2s“ l  (temperature/1ight intensity) respectively or when 
adapted on cv. 1-488 at these environments. These observations indicate 
that adaptation for virulence, and probably for aggressiveness, involves 
a cultivar/environmental variable/isolate interaction.

The observations in this system could explain also the
specif ici ty of the isolates of certain other plant pathogens towards 
their  'own environment' (Shepherd et aj_, 1973; Hi l l  and Nelson, 1976; 
McCoy and Blakeman, 1976). Line and Bugbee (1964) observed that 
isolates of Puccini a graminis f.sp. t r i t i c i  that were adapted in their  
germination to cold temperature (3-5°C) after selection at this 
temperature for more than 20 cycles, lost their  ab i l i ty  to germinate at 
normal temperatures (20-25°C). This contrasts with the results of 
present study, where the isolates adapted for virulence at high
temperature or l igh t  intensity, were virulent at low temperature and low 
l ight  intensity.

The present results suggest that populations of leaf rust
biotypes, with the potential to show comparable differences in virulence 
and aggressiveness, could be obtained by a combination of cul t ivar and 
environmental selection pressures acting on a base population and/or on 
mutants which arise during multipl ication of the population. Due to the 
genetic heterogeneity of cult ivars in natural populations of poplar, and 
the diurnal, seasonal and spatial variation in physical environmental
conditions in nature, i t  is l ikely  that over extensive areas of the host 
and/or for long periods, the selection pressure w i l l  be disruptive
rather than directional (cf. Mather, 1955; Thoday, 1972). As this rust 
responds rapidly to such selection, the selection pressure of the
variable environment is l ike ly to result in polymorphism in the pathogen 
population (Haldane and Jayakar, 1953) as no single phenotype would be 
the most f i t  to survive throughout the season or area. Such balanced
and transient polymorphism of the pathogen populations are essential
requirements in the s tab i l i ty  of the pathosystem (Leonard and Czochor, 
1980).
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1 0 .5  SUMMARY

Race 4A of _M. medusae produces an incompatible reaction on _P. del toi des 
cv. W-79/307 when incubated at high temperature (26°C/100 uEm-2s“l) or 
high light intensity (17°C/700 uEm-2s- l ) ,  but a compatible one at low 
temperature and light intensity (17°C/100 uEm-2s"l). When, in separate 
studies, a population of this race was sequentially cultured on detached 
leaves, at increasing temperatures (17, 20, 23, 26°C) or light 
intensities (100, 300, 500, 700 uEm-2s-l), isolates that were adapted to 
each of these regimes were selected. Such isolates, particularly those 
from low temperature and light intensity, exhibited some specificity to 
their  'own' environments, although isolates selected at 26°C and 500 
uEm-2s-l Were most aggressive at all temperature and light intensity 
regimes respectively. Such adaptation was observed to result from 
pathogen response to host-mediated environmental selection pressure. 
The poplar leaf rust readily adapts to varying environmental conditions 
and i t  is suggested that physical environmental variables may be 
important selective forces in the regulation of the pathosystem, as 
spatial and temporal heterogeneity of the environment in nature may 
result in polymorphism of the pathogen by disruptive selection.



CHAPTER 11

TEMPERATURE -  ACTIVATION OF IN C O M P A TIB IL ITY  AND INDUCED 

RESISTANCE TO MELAMPSORA MEDUSAE IN  POPLAR

1 1 .1  INTRODUCTION

In the pathogen, temperature sensit ive biotypes are important in studies 

on basic aspects of pathogenesis. S im i la r ly ,  the temperature-sensit i  ve 
resistance in the host is useful in understanding the incompat ib i l i ty  
phenomena (section 10.3) (Seevers and Daly, 1970; Ell ingboe, 1977; Jones 
and Deveral l , 1977; Vanderplank, 1978). Studies on inducing resistance 
to a v i ru le n t  race by p r io r  inoculat ion of a host with an av iru lent  race 
f a c i l i t a t e  fu r the r  analysis of resistance mechanisms and have 
epidemiological and evolut ionary impl icat ions (Johnson & Al len,  1975; 
Harlan, 1976; Kuc, 1983; Ouchi, 1983).

The aim of th is  chapter was to study the chronology of 
ac t iva t ion  of temperature sensi t ive resistance in a clone of poplar to 
_M. medusae and to tes t  the occurrence of induced resistance with 
temperature-activated incompat ib i l i ty .

Race 4C of _M. medusae is v i ru le n t  ( + ) on JP . del to i  des cv. W- 
79/307 at 16° but av iru lent ( - )  at 26°C (Plate 11.1), while race 4M 
(actua l ly  race 4M2 ; Chapter 5 and 6) was found to be v i ru le n t  (+) on 
th is  cu l t i v a r  at both temperatures (Table 11.1).

Table 11.1 Virulence (+) or avirulence ( - )  of the two races of M. 
medusae on cv. W-79/307 at 16° and 26°C.

Pathogen Race 4C Race 4M
Temperature

16°C + +
26°C - +



144

Plate 11.1 The temperature-sensi tive reaction of race 4C of M_. medusae 
on leaf disks of _P. del toi des cv. W-79/307, when incubated at 16° 
or 26°C.
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The t iming of the temperature act ivat ion of resistance or 
s u s c e p t ib i l i t y  to race 4C in cv. W-79/307 (Expt. 11.1), and the 
induct ion, by p r io r  inoculat ion with race 4C and incubation at 26°C, of 
resistance in v i t r o  of th is  c u l t i v a r  to race 4M at 16° and 26°C were 
investigated (Expt. 11.2).

11.2 MATERIALS AND METHODS

11.2.1 THE PATHOGEN ISOLATES : Races 4C and 4M, mono-uredinium derived 
biotypes of race 4A of M_. medusae, were isolated by the ' le a f  repl ica 
technque', designed to separate av i ru len t ,  v i ru len t  and temperature 
sensi t ive biotypes w i th in  a fungal population (Appendix 3). While race 
4C was isolated fo r  the temperature s e n s i t i v i t y  of i t s  virulence on cv. 

W-79/307, race 4M was isolated as a spontaneous mutant, v i ru len t  towards 
_P_. del to i  des, from wi th in  race 4A (Chapter 4 and Appendix 3). 
Subsequently, race 4M was found compatible with cv. W-79/307 at both 16° 
and 26°C.

The races were mu lt ip l ied  separately on detached leaves of _P_. 
x euramericana cv. 1-488 (section 2 .4 .1 ) .  The fresh ly harvested
urediniospores were dried over s i l i c a  gel (24 h) and P2Q5 (24 h).

11.2.2 THE INOCULATION PROCEDURE: Leaf disks (1.70 cm2), punched from
surface s te r i l i s e d  leaves of uniform age (c_. 3 months), of clonal plants 
of cv. W-79/307, raised in rus t- f ree  glass house (section 2.2 ) , were 
bulked and shaken in a polythene bag to ensure randomisation. One 
hundred and f i f t y  leaf disks were i n i t i a l l y  inoculated (abaxial face) 
wi th urediniospores (4 mg) of race 4C in a spore se t t l in g  tower and f ive  
rep l ica te  leaf disks were randomly placed on p las t ic  foam soaked with 
g ib b e re l l i c  acid solut ion in separate Petri  dishes. Certain Petri  
dishes, each containing leaf disks which had not been inoculated, were

kept at 16 or 26 C ( + i ° c ) ,  to be inoculated subsequently with race 
4M. Al l  the leaf disks were incubated i n i t i a l l y  for  4 h at 16°C under 
di f fused l i g h t  (30-50 uEm-2s- l )  to al low sat is fac tory  germination (> 
95%) and penetration of the inoculated disks by the rust (Omar, 1978; 
Singh and Heather, 1982c). Later, the Petri  dishes were transferred to
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separate growth cabinets, maintained either at 16 or 26°C, l ight 
intensity of 100 uEm-2s- l  ancj photoperiod of 16 h.

11.2.3 TRANSFER OF LEAF DISKS ACROSS TEMPERATURES (EXPT.11.1) : Single 
Petri dishes (each with 5 leaf disks) from two groups of 16° or 26°C, 
were transferred in a reciprocal fashion daily between the two 
temperature treatments, over a period of 12 days (day of inoculation-day 
0), (Fig. 11.1). Some Petri dishes were maintained at 16° and 26°C 
throughout, without interchanging, to serve as controls. The timing of 
activation of in/compatabi1i ty  was assessed on these leaf disks which 
were moved from one temperature to the other.

11.2.4 CROSS INOCULATION (EXPT.11.2): The urediniospores (4 mg) of the 
compatible race 4M were deposited on certain leaf disks either 
previously inoculated (race 4C) or uninoculated, which had been 
incubated of four days either at 16° or 26°C (Fig. 11.2). Subsequently, 
following incubation (4 h, 16°C, diffused l igh t;  to allow the 
urediniospores of the newly deposited race to germinate and penetrate), 
disks were randomly allocated to separate Petri dishes (5 disks per 
treatment), and incubated at either 16° or 26°C (Fig. 11.2) (Expt. 
11.2). This study enabled testing of whether the resistance, induced by 
race 4C on this cult ivar at 26°C, was effective also against at race 4M, 
which was compatible with this cult ivar at higher temperatures.

11.2.5 OBSERVATIONS ON DISEASE: The Infection Type (IT) on a 0-4 scale, 
of increasing disease severity (section 2.6.1) was recorded, after 18 
days of incubation for Expt. 11.1, and 22 days of incubation (18 days 
after second inoculation) for Expt. 11.2. An IT of < 2 was classed as 
an incompatible reaction.

11.3 RESULTS

11.3.1 TIMING OF INCOMPATIBILITY OR COMPATIBILITY (EXPT.11.1) : On the
control leaf disks of W-79/307, maintained at a constant temperature, 
race 4C was compatible (IT-3), or incompatible (IT-0), when incubated 
for 18 days at 16° or 26°C respectively (Table 11.2).
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Race 4C gave an incompatible reaction ( IT-1a) when incubated 
on disks of cv. W-79/307 at 16°C for four days or less, prior to 
transfer to 26°C but a compatible reaction (IT > 2 )  when comparable 
disks were incubated at 16°C for f ive or more days, prior to transfer to 
the higher temperature (Table 11.2). The infection type in the la t ter  
disks increased (IT-2 to 3+) with an increased period of incubation at 
the lower temperature prior to transfer to 26°C, while the control disks 
incubated at 16°C throughout, had an IT-3 (Table 11.2).

In contrast race 4C demonstrated incompatibili ty (IT < 1) on 
the leaf disks of cv. W-79/307, which were i n i t i a l l y  incubated at 26° 
and subsequently transferred to 16°C (Table 11.2). The degree of 
incompatibili ty increased (IT 1 to 0) with increasing periods of 
incubation at the higher, prior to tranfer to the lower, temperature 
(Table 11.2). These results were reproduced when the study was 
repeated. Also, in a separate study, when similar reciprocal transfers 
were made at hourly intervals, at least 15 h of incubation at 26°C was 
necessary for the activation of incompatibi li ty when the cul t ivar was 
transferred subsequently to the low temperature.

The second experiment examined the effectiveness of such 
temperature induced resistance by race 4C against race 4M, which is 
compatible on cv. W-79/307 at both temperatures.

11.3.2 TEMPERATURE ACTIVATED INDUCED RESISTANCE : When incubated
continuously at 16°C, inoculated leaf disks of cv. W-79/307 gave an IT-4 
with race 4M, an IT-3 with race 4C, while with the former race the IT 
was higher under continuous incubation of 16° (IT-4) rather than 26°C 
(IT-2) (Tables 11.2 and 11.3). Incubation of uninoculated disks at 26°C 
for four days, prior to inoculation with race 4M and subsequent 
incubation at 16°C, reduces the level of disease intensity (IT-2/3) when 
compared with that in disks maintained at 16°C (IT-4) throughout the 
pre- and post-inoculation periods (Table 11.3).

The subsequent inoculation with race 4M of disks, previously 
inoculated with race 4C and incubated for 4 days at 26°C, produced an 
incompatible reaction with IT-1 or IT-0 depending on whether following 
this second inoculation the disks were incubated at 16° or 26°C (Table 
11.3). However when the leaf disks were inoculated with race 4C and
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Table 11.3 Disease reaction (IT; 0-4 scale of increasing disease 
severi ty) of _P. deltoides Cv. W-79/307 to race 4M of M_. medusae, with or 
without prior  inoculation by race 4C and incubation at pre- and post- 
second inoculation temperatures of 16° or 26°C.

Pre-second inoculation temperature
No prior  inoculation Prior inoculated (race 4C)

Post-second 
inoculation tempr.

16° 26° 16° 26°

16° 4 2-3 4 1

26° 3 2 4 0

Note: When inoculated independently, race 4C is compatible on this
cul t ivar  at 16° but incompatible at 26°C, while race 4M is compatible at 
both temperatures of incubation (Table 11.1).
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incubated at 16°C for four days, prior to inoculation with race 4M, the 
leaf disks produced an IT - 4 irrespective of the temperature of 
incubation following the second inoculation (Table 11.3).

11 .4  DISCUSSION

Incubation at 26°C for 15 h of leaf disks of cv. W-79/307 inoculated 
with race 4C is sufficient to induce incompatibility to this race. 
Further, this rapidly induced incompatibility is irreversible i .e.  the 
transfer after 24 h of inoculated disks from 26° to 16°C does not result 
in compatibi1i t y .

Leaf disks of cv. W-79/307, in which temperature sensitive 
incompatibility has been induced by inoculation with race 4C and 
incubation at 26°C for four days, demonstrate either high resistance 
(IT-0) or hypersensitive (IT-1) reaction when subsequently inoculated 
with race 4M and incubated at 26° or 16° respectively i .e.  temperatures 
at which this cultivar is normally compatible with this race (Table 
11.3). Hence this temperature (26°C) induced incompatibility is 
irreversible not only for the original race (4C) but i t  is epistatic to 
the potential compatibility of the cultivar with race 4M at both high 
(26°) and low (16°C) temperatures (Kuc, 1982; Ouchi, 1983). Further, 
this epistatic incompatibility, induced by race 4C, was partly systemic 
when half leaf or discrete zone inoculations are made on whole leaves 
(details not presented here).

In contrast to these characteristics of the incompatible 
reaction, the compatiblity of race 4C with cv. W-79/307 developed only 
in the disks which had been incubated for at least four days at 16° (the 
compatible temperature) prior to transfer to 26°C (the incompatible 
temperature for this cultivar/race complex). Further the degree of 
compatibility in the complex increases (IT 2 to 3+) with the increased 
period (up to 9 days) of incubation of the inoculated disks at 16°C 
prior to the transfer to the higher temperature. This observation 
resembles the effect on infection type of time of transfer from a low to 
a high temperature regime of plants of the wheat variety Rego inoculated



152

with Puccini a s t r i i f o rm is  West. (Brown & Sharp, 1969). In a s im i la r  

study with cv. McMurachy of wheat and _P. graminis f .  sp. t r i t i c i  , 
t ransfer  of seedlings from an incompatible (16°) to a compatible (22°C) 
temperature a day p r io r  to development of necrot ic f leck ing,  resulted in 

a susceptible reaction but when transferred at the time of f lecking or 
la te r ,  a resistant res is tant reaction always resulted. An a l ternation of 

22° (16 h) and 16°C (8 h) also resulted in complete resistance (Forsyth, 
1956).

S im i la r ly  with _P. s t r i  i formis on certain var ie t ies of wheat, 
short exposures to contrast ing temperatures at c r i t i c a l  stages in the 
in fec t ion  process resulted in s ign i f ica n t  changes in in fec t ion  type, 
although the re la t ive  sign if icance of the pre- and post- inoculat ion 
temperature regime in determining the in fec t ion  type, depended on the 
var ie ty  of wheat used (Brown & Sharp, 1969). By heat treatment, Tani et  ̂
al (1975) determined that the c e l lu la r  condit ioning in oat leaves 

towards the res is tant response was completed between 8-12 h a f te r  
inoculat ion with an incompatible race of Puccini a coronata Corda f .  sp. 
avenae Avis. However, in contrast to the present resul ts , the 
resistance to race 56 of P_. grami ni s f .  sp. t r i  t i c i  in wheat var ie t ies 
containing the Sr6 gend^- when incubated at an incompatible temperature 
(20°C) fo r  four days, changes to su sce p t ib i l i t y  fol lowing t ransfe r  of 
such plants to a compatible temperature (26°C) (Seevers & Daly, 1970). 
Such contrasts suggest that the mechanisms of incompat ib i l i ty  operating 
in these systems may d i f f e r .

Race 4C induced higher levels of disease on cv. W-79/307 when 

inoculated leaf disks are incubated at 16° fo r  9-12 days and then 

transferred to 26°C ( IT -3b) than when such disks are maintained at 16°C 
throughout ( IT -3) .  Thus the higher temperature, which favours 
avirulence in th is  cu l t iva r / race  combination, also favours

aggressiveness once the avirulence in the combination has been overcome.
The observed patterns of reactions in th is  system suggest that 

immediate recognit ion is fo r  incompat ib i l i ty  - a rapid i r re ve rs ib le ,  
ep is ta t ic  and possibly a single step process, rather than compatibi1i t y -  

a slower, reversible (at less than four days) and possibly a mult i-step 
process. This conclusion accords with the proposal of El lingboe (1977) 
that in host pathogen systems, recognit ion is fo r  incompat ib i l i ty  which

^which confers incomplete resistance)
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resul ts  from a major gene system superimposed on a basic compat ib i l i ty  
system. Par lev l ie t  (1983a) has discussed the relevance of such a system 

in host-pathogen coevolut ion. S imi lar ly  the present resul ts would 
conform to the 'stop signal '  concept advanced by Person & Mayo (1974) to 
explain the ep istasis of incom pa t ib i l i ty .

Hypersensit ive necrosis develops a f te r  f ive  to six days in 
disks of cv. W-79/307 inoculated with race 4C and maintained at 26°C fo r  
24 h p r io r  to t rans fe r  to 16°C. However the resistance (IT 0/1) of such 
disks to th is  race has been decided in less than 24 h (Table 11.2) and 
to race 4M in less than 4 days. (Table 11.3). Such resistance cannot be 
caused by the macroscopically expressed hypersensi t iv i ty  observed f ive  
days la te r .  This agreess with the controversial suggestion of several 
authors that hypersens i t iv i ty  is the resul t  rather than the cause of 
disease resistance (Brown et_ al_, 1966; K ira ly  et_ aj_, 1972).

1 1 .5  SUMMARY

When, over a 12 day period, groups of leaf disks of P_. deltoides cv. W- 
79/307 inoculated with race 4C of M_. medusae, which gives a compatible 
reaction when incubated at 16°C (Low Temperature, LT) but an 
incompatible reaction at 26°C (High Temperature, HT), were rec ip roca l ly  
transferred da i ly  between the temperature regimes, incubation fo r  as 
short as 15 h at HT resulted in incom pa t ib i l i ty  which was not reversed 
by subsequent incubation at LT. In contrast , incubation of the 
inoculated disks at LT fo r  at least four days was necessary fo r  the 

development of a compatible reaction fol lowing t rans fe r  to HT. Further, 
the incom pa t ib i l i ty  induced in disks by inoculat ion with race 4C and 
incubation at HT is ep is ta t ic  to the expected compat ib i l i ty  fol lowing 
subsequent inoculat ion with race 4M, a temperature non-sensitive 
biotype. The rap id i ty ,  i r r e v e rs ibi 1i t y  and ep is ta t ic  nature of the 
temperature induced incompat ib i l i ty  suggests tha t ,  in th is  pathosystem, 
recognit ion is fo r  incompat ib i l i ty .  The temperature s e n s i t i v i t y  of the 
system and the occurrence of induced resistance has potential  
epidemiological importance.
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SECTION I I I

CHAPTER 12

GENETICS OF QUALITATIVE AND QUANTITATIVE FORMS OF RESISTANCE 
TO MELAMPSORA MEDUSAE IN POPULUS DELTOIDES

AN INTRODUCTION

12.1 INTRODUCTION : H is to r ic a l ly ,  a g r ic u l tu r is ts  and foresters have
recognised dif ferences in disease severi ty among plants and the ea r l ies t  
records of such observations date back to the time of Theophrastus (372- 
287 B.C.) (Day, 1974). The breeding fo r  disease resistance based on 
genetic p r in ic ip le s ,  however, did not begin un t i l  early th is  century 
when B i ffen (1905) demonstrated that resistance to Puccini a glumarum (P_. 
s t r i i f o r m i s ) in wheat fol lowed Mendel's laws of inheri tance and was 

determined by a single recessive gene. Thus, i t  was real ised that in 
crop plants,  a r t i f i c i a l  hybrid izat ion and selection could be employed to 
breed fo r  resistance to diseases. Breeding and select ion fo r  resistance 
to many diseases has been practised fo r  some time in most f i e l d  crops 
and in a few trees. While some, or most, of the resistant  cu l t iva rs  
have been successful in keeping the disease levels below economic 
threshold l im i t s  (Russel, 1978; Johnson, 1983), there are many instances 
where such cu l t iva rs  have subsequently succumbed to the disease with 

considerable economic damage (Marshal l, 1977).

An understanding of inheri tance and genetic aspects of 
resistance in the host is an essential requirement fo r  planning breeding 
and deployment stra teg ies.  The genetics of resistance to pathogens has 
been increasingly studied in numerous plants and some excel lent reviews 

and discussions are avai lable (e.g. Vanderplank, 1968; Hooker and 
Saxena, 1971; Person and Sidhu, 1971; Russel, 1978; Nelson, 1979; 
Wilcoxson, 1981; P a r le v l ie t ,  1981, McIntosh and Watson, 1982) and thus 
th is  is not discussed in deta i l  here.



With rust,  resistance in the host can be q u a l i ta t i v e ,  where 

the reaction is complete, usual ly marked by hypersensitive or low 
in fec t ion  type, or can be quan t i ta t ive ,  where resistance is pa r t ia l  or 
incomplete, characterised by longer latent period, fewer uredinia and 
lower sporulat ion.

12.2 INHERITANCE OF QUALITATIVE RESISTANCE :

12.2.1 NATURE OF GENES CONTROLLING QUALITATIVE RESISTANCE : The genetic
information on resistance re la t ing  to dominance or recessiveness,
presence of addit ive and ep is ta t ic  (n on -a l le i ic )  in te rac t ion  is helpful 

in t a i l o r in g  breeding programs. For example, dominance or recessiveness 
of resistance indicates the proport ion of the segregating population 

that is l i k e l y  to be res is tan t .  Also i f  resistance is recessive,
select ion for  resistance in autogamous crops cannot be exercised un t i l  
the F2 generation. Even i f  the resistance is dominant, the selected 
plant from the segregating population may not necessari ly be homozygous 
fo r  such resistance a l le le s .  The presence of addi t ive genes indicates 
that resistance levels could possibly be increased by fu r the r  
hybrid izat ion and would indicate the basis fo r  predict ing advances under 
select ion (Mather, 1979).

Most studies on q u a l i ta t ive  resistance in ag r icu l tu ra l  crops 
have suggested that such resistance is control led by dominant genes
(Person and Sidhu, 1971; Day, 1974). However there are also many
instances where such resistance is contro l led by recessive genes (Hooker 
and Saxena, 1971; Day, 1974; Russel, 1978; McIntosh and Watson, 1982). 
Qual i ta t ive resistance has also been general ly observed to be contro l led 
by mult ip le a l le les  in a few well studied crop systems such as f la x  and 
maize (F lor ,  1971; Hooker and Saxena, 1971; Day, 1974), and thus i t  may 
not be possible to combine a l l  such genes in to  one c u l t i v a r  genotype.

12.2.2 NUMBER OF GENES CONTROLLING QUALITATIVE RESISTANCE : The
q u a l i ta t ive  resistance is usual ly contro l led by oligogenes (few genes 
with major e f fe c t ) .  The information on number of genes (ol igo or poly) 

is useful in determining the size of segregating and select ion
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population to be retained during breeding. A single dominant gene is 
more common than other forms of genetic control of qua l i ta t ive  

resistance in f i e l d  crops (Day, 1974).

Person and Sidhu (1971), in a comprehensive review of 
inheritance studies to that date, suggested that in many instances, 
f a i lu re  to demonstrate the control of resistance by^single dominant 
gene, resulted from employing bulked or f i e ld  inoculum rather than pure 
races, fo r  tes t ing  and thus rat ios resu l t ing from epistasis would be 
observed. Nevertheless, there are many instances of resistance in 
plants to diseases being control led by recessive, modi f ier ,  i n h ib i t o r  or 
cytoplasmic genes (Hooker and Saxena, 1971).

12.2.3 STABILITY OF QUALITATIVE RESISTANCE : The q u a l i t a t i v e  resistance 
is re la t i v e ly  easy to id e n t i fy  and handle in breeding programs. The 
race s p e c i f i c i t y  of such resistance is also qua l i ta t ive  and thus is more 
pronounced than those in quant i ta t ive  resistance (Par lev l ie t  and Zadoks, 
1977). Frequently, such q u a l i ta t ive  resistance control led by oligogenes 
are easi ly overcome by a corresponding mutation fo r  virulence and thus 
may be short l ived (Nelson, 1978; P a r le v l ie t ,  1981); however there are 
many instances where such q u a l i ta t i v e  resistance has proved to be stable 
(Watson, 1970; Johnson, 1933).

12.2.4 INHERITANCE OF RESISTANCE TO DISEASES IN FOREST CROPS : In trees,

the l i t e ra tu r e  on inheri tance of resistance to diseases is scant, whi le 
there are few reviews on disease resistance studies on trees (3ingham et 
al , 1972; Heybroek et_ _al_, 1982). Muhlelarsen (1963) from a f i e ld
analysis of FI progeny of crosses P_. del t oi des X ni gra and _P. ni gra X 

P_. trichocarpa exposed to a natural populations of un ident i f ied  species 
of Melampsora concluded that resistance was dominant, contro l led by one 

or more genes. In sugar pine ( Pinus lambertina Dougl.),  the 
hypersensit ive reaction in needle t issue to fusiform rust is apparently 
conditioned by a single dominant gene (Kinloch, 1982). Resistance in 
Thuja spp. to Kei th ia thu j ina  Durand was also contro l led by a single 

dominant gene (Soegaard, 1966). Heimburger (1962) hypothesised that an 
infected needle-shedding type resistance to Cronart iuin ri  bi col a J. C. 
Fisch, ex Rabenh. was determined by a simple recessive gene in Pinus
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wal1ichi ana Jacks.

12.3 INHERITANCE OF QUANTITATIVE RESISTANCE : While qua l i ta t ive
resistance has a clearcut reaction of incom pa t ib i l i ty ,  quant i ta t ive  
resistance is a compatible reaction characterised by degrees of 
su sce p t ib i l i t y  measured in terms of many t r a i t s  including la tent  period, 

uredin ia l number, sporulat ion, rate of disease progression, area under 
disease progress curves etc. (Johnson and Taylor, 1976; Rees et al , 
1979; P a r le v l ie t ,  1979; Wilcoxson, 1981). Quanti tat ive resistance, l i k e  
y ie ld ,  is often continuously d is t r ibu ted  among the segregating progeny 
and thus is usual ly polygeni cal ly inheri ted (genes with minor e f fects)  
(Kulkarni and Chopra, 1980; Wilcoxson, 1981). While genetic studies on 
q u a l i ta t ive  t r a i t s  fo l low simple Mendelian analysis, that  of 
quant i ta t ive  t r a i t s  require biometrical approach.

The s h i f t  from the use of q u a l i ta t i v e  to quant i ta t ive  forms of 
resistance to control disease stems from few past fa i lu res  of
q u a l i ta t ive  resistance due to new v i ru le n t  races, coupled wi th the 
genetic uniformity of the crops (Marshall, 1977). Thus quant i ta t ive  
resistance, which slows down the epidemic by lower rate of in fec t ion
rate, longer la tent  period and lower sporulat ion (Par le lvhet , 1979; 
Wilcoxson, 1981), was conceived to be better suited to 'manage' the 

pathogen by keeping i t s  a c t i v i t y  to moderate leve ls. Further, since
such resistance does not threaten the survival of pathogen, the l a t t e r  
may not develop ' super-races' .  Also, such resistance, when contro l led 
by many genes, is thought to be more stable as i t  requires many steps of 
change in the pathogen to overcome the resistance (P a r le v l ie t ,  1983a). 
Many authors, however, have suggested that  such quant i ta t ive  resistance 

need not necessarily be stable (e.g. Nelson, 1978; Vanderplank, 1978;
Johnson, 1983).

Nevertheless, quant i ta t ive resistance has conferred apparent 
s t a b i l i t y  to many pathosystems including potato-Phytopthora in fes tans, 
maize-_P. sorgh i , and barley-P_. hordei (P a r le v l ie t ,  1981). Breeding and 
selection fo r  quant i ta t ive  forms of resistance in wheat against P_. 

graminis t r i t i c i  (Skovmand et_ al_, 1978; Rees et_ _al_, 1979), oats against 
P. coronata (Simons, 1975), barley against _P. hordei (P a r le v l ie t ,  1977;
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Johnson and Wilcoxson, 1979 ) and in coffee against Heini 1 eia vastatrix 
Berk, et Br. (Eskes, 1983b), is being pursued. The use of quantitative 
forms of resistance is suggested also in forest tree systems (Heybroek 
et a l , 1982; Thielges, 1984).

One of the merits claimed in the use of quantitative 
resistance is that i t  is race non-specific viz.,  there is no 
differential race x cultivar interaction, and ranking of cultivars does 
not change with races (Vanderplank, 1968). Considerable evidence
opposing this view has accumulated, wherein cultivars exhibiting 
quantitative specificity with races for t ra i t s  like latent period, 
spol iat ion etc. are known (Section I) (Clifford and Clothier, 1974; 
Johnson and Taylor, 1976; Parlevliet,  1979; Chandrashekar, 1981; Singh 
and Heather, 1983). Also, there is some evidence that quantitative 
resistance may erode over time due to selection pressure on the pathogen 
resulting in increased aggressiveness (Caten, 1974; Clifford and 
Clothier, 1974; Wolfe and Barrett,  1980; Chapters 7 and 8 of this 
thesis).

1 2 .3  STRATEGIES IN USE OF HOST RESISTANCE : There are various ways in 
which resistance, either qualitative or quantitative, has been used to 
control plant diseases. Again several comprehensive reviews are 
available (e.g. Vanderplank, 1968; Watson, 1970; Day, 1974 and 1977; 
Robinson, 1976; Russel, 1978; Parlevliet,  1981; McIntosh and Watson, 
1982) and hence are not detailed here.

Traditionally, since early this century, efforts have been 
directed to breed plants with single gene resistance and these are 
usually deployed as pure line cultivars in autogamous crops. As 
explained elsewhere (Appendix 7), due to the recurring exercise of 
such breeding ('boom and bust' cycle), many alternatives have aimed at 
relatively 'durable' or stable forms of resistance in crop plants 
(Johnson, 1983) and in trees (Heybroek et_ al_, 1982) including those in 
poplar to leaf rusts (Thielges, 1984).

Parlevliet (1981) and Thielges (1984) have discussed in detail 
many of the strategies of employing host resistance to control 
diseases. Parlevliet (1984) regards the most common strategy as no



159

strategy at al l ,  where at one time a few qualitative resistance genes 
are used over large areas and are quickly replaced when such resistance 
is 'broken down'. Another approach is to precisely monitor the 
virulence composition of the pathogen population in relation to the 
resistance gene being used and breeding is geared towards keeping a step 
ahead of the pathogen.

The third strategy is to 'pyramid' many qualitative resistance 
genes into a single cultivar.  The resistance of such a cultivar is 
thought to be potentially stable as i t  requires concurrent multiple 
changes in the genotype of the pathogen to overcome all resistance 
genes. Even if such super-races do appear, due to the assumed residual 
effect of 'defeated' resistance genes, the cultivar would not be highly 
susceptible (Nelson, 1979). Person et_ _al_ (1976) have questioned the 
validity of such an approach which they claim is based mainly on genetic 
probabi1i t i e s .

The strategy of using polygenic resistance has been discussed 
earl ier in relation to quantitative forms of resistance (section 
12.2). Due to the complexities inherent in quantitative t r a i t s ,  such an 
approach requires precise and elaborate conditions of testing and 
observation, and to keep the environmental variance at a minimum during 
testing.

The approach of using mosaic patterns of cultivars in time and 
space, has gained prominence recently. This aims at providing a diverse 
host environment by deploying number of cultivars each carrying 
different resistance gene simultaneously in various areas or in 
succession in an area, or both (Parlvliet ,  1981). Obviously, in tree 
systems, mosaic patterns over time are not a feasible proposition. 
Multilines and cultivar mixtures are other alternatives and considerable 
discussion on their merits and problems in controlling diseases have 
been made (Vanderplank, 1968, Browning and Frey, 1969; Parlevliet,  1981; 
Wolfe, 1984). Marshall and Pryor (1978) concluded that success of 
multiline depends on strength of cost of virulence and number of 
component lines in the mixture.

Cultivar mixtures, where the background genotypes also differ
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in addit ion to q u a l i ta t i v e  resistance genes, has been proposed to manage 

disease in a few systems (Wolfe and Barre t t ,  1980). The merit  of 

c u l t i v a r  mixtures over m u l t i l in es ,  may be tha t ,  due to heterogeneity of 
such background genotype in the host, the aggressiveness in addit ion to 
virulence of the pathogen may be kept to moderate levels (Leonard, 
1969).

Monitoring the pathogen population fo r  i t s  vi rulence, 
aggressiveness, to understand stra tegies of i t s  evolut ion and to predict 
potentia l  population s h i f t s ,  are important requirements fo r  success of 

most s trategies (P a r le v l ie t ,  1981; Kranz, 1983; Wol fe _et_ _al_, 1983). In 
forest  tree systems, spec i f ic  considerations of the complexities in th is  
system, along with economic, l o g is t i c  and management factors should be 
borne in mind fo r  developing any strategy (Libby et_ al_, 1969; Thielges, 
1984).



CHAPTER 13

INHERITANCE OF QUALITATIVE RESISTANCE TO RACES OF 
MELAMPSQRA MEDUSAE IN POPULUS DELTOIDES

13.1. INTRODUCTION

Several races of M_. medusae have been recognised in Austra l ia  
(Singh and Heather, 1982b) and thus, a c u l t i v a r  res istant to one race

tV\e
may be susceptible to^other. The inc lus ion of many races in inheri tance 
studies aids in selection of plants with broad spectrum resistance. 
Many authors have detai led the importance of using known pathogen races 
in inheri tance studies (e.g. Person and Sidhu, 1971), and the problems 
ar is ing with bulked inoculum are apparent from the resul ts reported 
e a r l ie r  (Chapter 8) . Muhlelarsen (1963), fo l lowing a f i e l d  study of a 
population of poplar progeny to f i e l d  isolates of an unspecified species 
of Melampsora, concluded that resistance was contro l led by a few to 
several dominant genes.

This chapter reports a study of inheritance of resistance to 
f ive  races of M_. medusae in a P_. del to i  des (2n=38) cross, assessed on a 
q u a l i ta t ive  scale.

13. 2. MATERIALS AND METHODS

13.2.1 ORIGIN OF HOST PARENTS : The parents _P. del to i  des cvs. 60/122 
(female, PI) and T -173 (male; P2) are selections from separate Texan 
provenances (Appendix 2). The cv. 60/122 is re la t i v e ly  more susceptible 
than cv. T -173 to a l l  the races.

13.2.2 HYBRIDIZATION : Crosses were performed on bo t t le  grafted branches 
of cv. 60/122 in a glass house as described by KNOX et_ al_ (1972). The 
branches, bearing unopened female f lower buds, were col lected from the 
poplar plantat ion maintained by the Botany Department, Austral ian
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National University, and washed with a je t  of tap water. The grafts 
(Plate 13.1a) were made during winter 1982 (mid August) about 3-4 weeks 
prior to natural flowering in the f ie ld .  The understocks (rooted for 4 
months), consisting of cuttings 30-40 cm long, and 1.5-2.0 cm in 
diameter, were transplanted into 20 cm pots. Pollen of cv. T-173, 
collected from plantations at Kempsey, NSW was dried over s i l ica gel (24 
h) and stored in a freezer (-14°C) for 1-2 weeks prior to use. Crosses 
were conducted, in an isolated, pollen proof glass house during early 
morning, by gently dusting the pollen on the opening female buds (Plate 
13.1b). Several other crosses were performed using separate cultivars 
but were not included in the study since insufficient progeny were
obtained. A separate study of inheritance of resistance in three 
crosses of P_. del toi des cult ivars, is presented in Appendix 9.

Seeds were collected after 60-70 days from mature capsules
(Plate 13.1c) and germinated in Perl i te under a mist spray. A nutrient 
solution was applied twice-weekly, and the seedlings transplanted when 
the f i r s t  true leaf pair unfolded (_c. about three weeks) (Plate 13.Id)
into pots containing Perl i te and Vermiculite (1:1). About 110 FI plants
were raised from this cross and individually labelled (Plate 13.le ) .

The parents were propagated by clonal cuttings under mist and 
grown along with FI plants under controlled conditions in a rust free 
glass house (20±3° c, 16 h photoperiod). Liquid fe r t i l i z e r  (Hortico®) 
was applied once a week and a bacterial insecticide Lane Dipel® HG 
(Bacillus thuringienisis Berliner var, a le s t i ) was sprayed occasionally 
to control leaf eating caterpi 11ars. Plants were cut back every 3 
months to ensure the development of fresh leaves of uniform age suitable 
for optimal disease expression (Sharma jrt _al_, 1980). The tests were 
conducted on leaves from plants aged 12-24 months (Plate 13.I f ) .

13.2.3 PATHOGEN ISOLATES : Five races of _M. medusae were employed to 
study the inheritance of resistance in this cross (Pvaces 1A, 2A, 3A, 4B 
and 5A) and details on multipl ication of the races are presented 
elsewhere (section 2.3, 2.4 and 2.5). The urediniospore of M. medusae 
is a dikaryote (2n) and is asexually (clonally) propagated. Four of the 
f ive races (1A, 2A, 3A and 5A) originated from a single, separate
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Plate 13.1
a. The branch a female poplar clone (maintained in the 

bottle),  grafted to another poplar plant in the pot, prior 
to hybridization.

b. The opened female flowers of poplar on a grafted clone.

c. The mature capsule, before dehiscence, of a grafted and 
pollinated branch of a female clone.

d. Two week old seedlings of the FI progeny of a manipulated 
cross of poplar clones.

e. Seedlings after transplanting.

f. Seedlings (c_. six months old) maintained in the glass 
house.
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urediniospore (Singh and Heather, 1982) while race 4B was isolated from 
race 4A for i ts  avirulence on cv. T-173 using a leaf replica technique 
(Appendix 3).

13. 2.4 INOCULATION : The disease reaction of each plant to each race 
was assessed by using leaf disks (f ive replicates) from the individual 
plants. Because of the large population involved, the tests were 
conducted in three batches (Races a) 1A and 2A, b) 3A, c) 4B and 5A were 
assesed separately).

Leaf disks (1.70 cm2) were punched from freshly harvested, 
surface steri l ised leaves of uniform age (_c. 3 months). Due to the 
segregation in the FI population, minor differences in leaf maturity 
were noticed; they were insuff ic ient to influence the relative variation 
of disease expression. Again, due to replication of leaf disks in the 
inoculation, i t  was possible to assess only c_. 60 randomly selected, FI 
plants for reaction to a particular race pair.

All the leaf disks of FI Plants and the parents were 
inoculated separately with the urediniospores of individual races using 
a spore sett l ing tower (section 2.4.2). Replicate leaf disks (5 for FI 
plants, 10 for each parent) from individual plants, some cover glasses 
and several disks of cv. 1-488 were randomly placed in the bottom of a 
spore sett l ing tower and inoculated in three successive batches, with 5 
mg of fresh spores of a race. Subsequently, separate replicate disks 
and cover glasses were inoculated with spores of the second race of the 
pair. Comparability of deposition between inoculations, within and 
between races, and germination (> 95% for al l races) were checked by 
examining the coverglasses, while the uniformity of infection was 
checked on the disks of the universal suscept, cv. 1-488. Inoculated 
leaf disks were placed on plastic foam soaked with GA solution (10 mg/L) 
sealed in glass Petri dishes and incubated in control growth cabinets 
(standard environment; section 2.5.2).

13.2.5 DISEASE ASSESSMENT :The level of disease in each plant was 
assessed as Infection Type (IT) on day 18 and confirmed at day 23 of 
incubation. The IT was on a 0 to 4 scale of increasing disease 
severity, where 0 - immune, no macroscopic symptoms of disease, 1 -
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chlorotic/necrotic symptoms with possibly one or two minute uredinia, 2 
to 4 -increasing size and number of uredinia (section 2.6.1, Plate 
2.3). For the computation of the genetic ratios, IT 0 and 1 in the 
plants were classed as resistant and 2 - 4 as susceptible reactions. 
This classif ication distinguished among the plants those on which the 
rust reproduced (IT 2-4), and those on which there was l i t t l e  or no 
reproduction of the pathogen (IT 0-1). The ratios (susceptible : 
resistant) were tested for goodness of f i t  to several hypothetical 
genetic ratios using chi-square test and those ratios which gave the 
best f i t  i .e .  the highest probability range, were accepted.

1 3 .3  RESULTS

While for al l  races, cv. 60/122 (PI, female) was consistently more 
susceptible than cv. T-173 (P2, male), the specific reaction of the 
parents was dependent on the race employed (Table 13.1) and thus the 
cross could be classifed as Resistant X Resistant, Susceptible X 
Resistant or Susceptible X Susceptible (Table 13.1). With al l the 
races, the FI plants exibited clear segregation indicating the 
heterozygosity of the parents. All the races elic ited different ratios 
in the progeny (Table 13.1) thus confirming their  status as distinct 
races (sensu Stakman and Christensen, 1953), which had been recognised 
by their  reaction on di fferential cult ivars (section 2.3.1). The 
reaction of individual FI plants to these races has been provided in 
Appendix 8.

Races 1A, 2A and 3A el ic ited a Susceptible (60/122) X 
Resistant (T-173) reaction in the parents. While reaction to race 1A in 
the progeny approximated a 1:1 ratio, suggesting the role of one gene 
(dominant or recessive, L or 1) for resistance (P=0.5-0.8), race 2A 
el ic i ted a 3:1 (S:R) ratio (P=0.8-0.9) indicating that resistance in 
cv. T-173 was conditioned by the concurrent occurrence of two, 
homozygous, recessive genes to this race (qqmm) and cv. 60/122 was 
dominant heterozygous for both the genes (QqMm). However the reaction
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to race 3A by the FI plants was less discrete, the classes approximating 
a normal distribution and thus the resistance to this race may be 
additively inherited and possibly controlled by three or four genes.

Races 4B and 5A were avirulent on both the parents and the 
progeny reaction approaches a 3:1 (R:S) ratio (P= 0.25-0.5 and 0.7-0.8 
respectively) suggesting the action of a single, dominant gene for 
resistance to each of these races in each of the cultivars (U and V 
respectively). Most of the FI plants resistant to race 5A were also 
resistant to race 4B suggesting possible linkage of these two resistant 
genes. As there were certain plants which were resistant to one race 
but susceptible to another, the two genes are likely to be separate 
(Appendix 8).

Many of the FI plants (and the male parent, cv. T-173 to race 
4A) exhibited degrees of ‘slow rusting' ,  characterised by a long latent 
period and reduced sporulation, suggesting the presence of modifying 
factors influencing the disease expression in these cultivars. While 
such characteristies did not affect the classification of individual 
plants as resistant (IT 0 or 1) or susceptible (IT 2-4), but depending 
on the period after inoculation when disease severity was assessed, they 
influenced the grading of plants within the IT 2-4 range.

1 3 .4  DISCUSSION

The dioecious nature and long generation, interval (7-8 years) of the 
host and the absence from Australia of the sexual stage of the pathogen 
make genetic studies in this system diff icul t .  Thus hybridization
amongst the pathogen races and sei fing of the host clones, is not 
possible. Also, backcrossing and further generation testing in poplars 
are difficul t  and time consuming. Hence, the genetic interpretation of 
the results on inheritance of leaf rust resistance in poplars is largely 
hypothetical. However, since genetic studies have not been reported in
this system, any information would assist in determining breeding 
strategy. The s t r ic t  control of the environmental variables (both pre- 
and post-inoculation conditions of plant culture, and unifomity of leaf



168

maturity and inoculum) resulted in considerable uniformity in disease 
expression in the replicate leaf disks of an individual plant. This
ensured that the variation between individuals in infection type was 
genetically based.

The disease reaction (basis IT) of the parents and the ratios 
of the progeny were clearly dependent on the race of M_. medusae employed 
emphasising the importance of employing distinct races in disease 
resistance studies (Person and Sidhu, 1971). In these clones of P_.
del toi des resistance appears to be dominant with races 1A, 4B and 5A, 
but recessive with race 2A, and codominant or additive to race 3A 
(Table 13.1). It can be hypothesised that resistance/susceptibility to 
M_. medusae was monogenic (races 1A, 4B and 5A), control ledA two 
complementary genes (race 2A), or three to four additive genes (Race 3A) 
depending on the race employed. Muhlelarsen (1963), analysing the 
progeny of several poplar crosses involving _P. del toi des and _P. ni gra 
under field conditions, concluded that resistance to Melampsora spp. was 
controlled by one or two dominant complementary or duplicate genes and 
this agrees with some, but not al l ,  of the present results.

Almost all the FI plants showed a high level of racial 
specificity and this may result from the different resistance genes they 
contained. Such genotypes could s t i l l  be useful in mixed clonal
plantings similar to the multiline approach suggested by Heather and 
Chandrashekrar (1982).

The results for races 2A and 3A contrast with those frequently 
reported in inheritance studies in agricultural crop plants where 
resistance is predominantly monogenic 'dominant (Person and Sidhu, 
1971). However as Wolfe and Schwarzbach (1978) and Day et _al_ (1983) 
have suggested, the la t ter  patterns of resistance may be artefacts of 
breeding strategy, which has concentrated on few resistance genes each 
with a large effect.  Thus, in a forest plant like poplar, where l i t t l e  
or no breeding for resistance to leaf rust has been practised, the 
observation of a multiple gene or recessive gene control is not 
unexpected.

Some plants exhibited a relatively long latent period; 
possibly certain modifying factors are influencing disease expression 
and resulting in 'slow rusting' of these susceptible plants. However,
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for more precise assessment of such resistance in these plants, i t  is 
necessary to inoculate them with races virulent on both parent cultivars 
and make quantitative measurement of the disease t r ai t s ;  this is the 
subject of some further work (Chapter 14).

13.5 SUMMARY

The FI progeny of a _P. del toi des cross were analysed independently for 
their  qualitative reaction to five races of M. medusae which, depending 
on race employed, elicited susceptible X resistant,  resistant X 
resis t ant or susceptible X susceptible reaction in parents. • Resistance 
was inherited as dominant (3 races), recessive (1 race) or additive (1 
race) in the clones, and was controlled by a single gene or two genes 
acting in a complementary manner. Modifying factors influenced the 
degree of susceptiblity expressed in certain plants and resulted in a 
'slow rusting' effect.



CHAPTER 14

STUDIES ON INHERITANCE OF QUANTITATIVE RESISTANCE 

TO MELAMPSQRA MEDUSAE IN  A CROSS OF 

POPULUS DELTOIDES CLONES

1 4 .1  INTRODUCTION

Inheri tance of qu a l i ta t ive  resistance in poplars to W. medusae,
characterised by complete resistance or su sce p t ib i l i t y  of the plants to 
the races employed, was reported in Chapter 13. However, there was 
evidence in some progeny and in cv. T-173 of occurrence of quant i ta t ive  
resistance to certain races. Analysis of the inheri tance of 

quant i ta t ive  resistance in the host, which para l le ls  the aggressiveness 
in the pathogen would be useful.  The merits of such resistance, which 
is essentia l ly  a pa r t ia l  resistance (c f .  P a r le v l ie t ,  1979), often
characterised by 'slow rust ing'  (sensu longer la tent period; c f .  
Wilcoxson, 1981) has been discussed in the l i t e ra tu r e  (e.g. Vanderplank, 
1968; Nelson, 1978; P a r le v l ie t ,  1979 and 1983 a and b; Wilcoxson, 1981; 
Johnson, 1983 and 1984), and has been summarised in the introduction to 
th is  section (Chapter 12).

Quant i tat ive resistance is pr imar i ly  a lower degree of 
s u s c e p t ib i l i t y ,  marked by lower rate of disease expression and disease 
sever i ty , as opposed to complete or qu a l i ta t ive  resistance which is 

usual ly characterised by a hypersensitive type reaction. Although many 
terminologies describe such quant i ta t ive resistance (e.g. polygenic 

resistance, non-specif ic resistance, horizontal resitance, rate-reducing 
resistance, pa r t ia l  resistance, incomplete resistance e tc . ) ,  the present 

terminology has been adopted as i t  does not imply any genetic or 'race
non-spec i f ic ty ‘ connotations. Quanti tat ive resistance may be ol igo or
polygenic, spec i f ic  or non-specif ic , durable or not durable, i t  merely 

implies resistance as measured by quant i ta t ive t r a i t s  of the disease. 
The term 's low-rus t ing '  is used, as a synonym of quant i ta t ive
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resistance, wi th emphasis on a longer la tent  period.

Thus, by d e f in i t io n ,  quant i ta t ive  resistance implies the 
presence of some disease, and genetic analysis of such resistance can be 

best done with races v i ru len t  on both parents. C l i f f o rd  (1974) and 
Pa r le v l ie t  (1980a) have discussed the problems of hypersensi t i  ve genes 

masking the potential  su sce p t ib i l i t y  of the genotype, where true levels 
of the disease, when the host is attacked by a v i ru len t  race, cannot be 
easi ly predicted. Further, studies reported in Section I (Chapters 5, 
6, 7 and 8) i l l u s t r a t e  that  host-pathogen s p e c i f i c i t y  (at the c u l t i v a r -  
race leve l)  can occur also at a quant i ta t ive  level between components of 
resistance in the host and aggressiveness t r a i t s  in the pathogen. 

Simi lar s p e c i f i c i t y  (physiologic specia l isat ion) between host and 
pathogens fo r  quant i ta t ive  t r a i t s  have been observed in other systems 
(e.g. C l i f fo rd  and C lo th ie r ,  1974; Johnson and Taylor, 1976; P a r lev l ie t ,  
1977; Wilcoxson, 1981) and thus i t  is may be useful to employ more than 
one race fo r  select ion of such resistance.

In prel iminary studies, the race 5M (designated as 5M2 in 
chapters 5 and 6) was v i ru len t  on cvs 60/122 and T-173. Race 7,4, which 
had been isolated e a r l ie r  by the author in natural stands of cv. 60/122 
(section 2 .3 .1 ) ,  was also v i ru len t  on both of these cu l t iva rs .  The 
present study was designed to test the quant i ta t ive reaction of the FI 
progeny of the cross _P. del to i  des cv. 60/122 (female) X cv. T-173 (male) 

(see Chapter 13) with races 5M and 7A, to obtain genetic information on 
inheri tance of resistance t r a i t s  of rate and severi ty of disease, and 
fo r  possible selection of some clones with higher quant i ta t ive  
resistance.

1 4 .2  MATERIALS AND METHODS

1 4 .2 .1  SOURCE OF PARENTS, HYBRIDIZATIO N TECHNIQUES AND CULTURE OF PLANTS

: The FI progeny (61 plants) of the cross cv. 60/122 X cv. T-173 were 
the same as those used in the previous study (Chapter 13). Clonal 
plants of the parents and FI were raised in a rus t- f ree  glass house 

under contro l led conditions and de ta i ls  on culture of plants have been
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described e a r l ie r  (section 2.2 and Chapter 13).

14.2.2 THE PATHOGEN RACES : The races 5M and 7A of _M. medusae employed 
in th is  study were mu lt ip l ied  on detached leaves of cv. 1-488, and fresh 

urediniospores thus obtained were subsequently dried (section 2.4 and 
2.5) and used immediately fo r  inoculat ion.

14.2.3 INOCULATION AND INCUBATION : The disease reaction of each plant 
to each race was assessed by using f ive  repl icate  leaf disks from the 
ind iv idual  FI plants and ten leaf disks of the parents.

Uredi niospores (4 mg) each race (5M and 7A) were deposited 
separately on rep l icate  leaf disks of 61 FI plants of cross cvs 60/122 X 
T-173, and of the parents, using a spore s e t t l in g  tower (section 

2 .4 .2 ) .  Due to the large number of disks, mult ip le inoculat ions were 
necessary. However, dif ferences in number of urediniospores between and 
w i th in  inoculat ions were less than 5%, and germination of the
urediniospores was more than 95% in both races, as assessed on the cover 
glasses included in each inoculat ion (section 2.4 .2) .

Inoculated leaf disks were sealed in glass Petri  dishes
containing foam soaked with GA (10 mg/L), and incubated under 'standard 
environment' in control growth cabinets (section 2.5).

14.2.4 OBSERVATIONS ON DISESAE TIMING AND DISEASE SEVERITY : Five t r a i t s
of quant i ta t ive  disease expression v iz .  incubation period to f lecking 

(IPF), la tent period to production of f i r s t  uredinium (LP1), uredinia
produced per leaf disk (ULD), urediniospores produced per square mm of 
leaf area (USM) and urediniospores produced per uredinium (USU) were 
measured on the rep l ica te  leaf disks of the progeny and parents. Longer 
IPF and LP1 and smaller ULD, USM and USU indicate higher resistance.

14.2.5. STATISTICAL ANALYSIS AND TECHNQIUES : Data were i n i t i a l l y  tested 
fo r  homoscedasticity and normali ty of error  variances (section 2.7.1)
and transformed where necessary. The transformed data ( fo r  ULD, USM and 
USU) were used fo r  a l l  subsequent analyses. The analysis of variance 
(between 2 races and 61 plants) was conducted, and the parental mean, 

midparent values, FI mean and range computed fo r  a l l  t r a i t s .  The
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60M22 T-173

Plate 14.1 The d i f fe r in g  aggressiveness of M_. medusae race 7A and race 

5M2 (5M) of M_. medusae on P_. del to i  des cu l t iva rs  60/122 and 
T-173 (Parents 1 and 2 respect ive ly) .
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frequency graphs were constructed fo r  each t r a i t  using the progeny 
means. The tes t  fo r  goodness of f i t  of the d is t r ib u t io n  of the progeny 
(mean values) to the normal d is t r ib u t io n  was conducted using the MPL 
s t a t i s t i c a l  program on a UNIVAC computer (Ross, 1980) adopting the class 
in te rva l  used in the graphs. The goodness of f i t  to the normal 
di s t r i b t u t i o n  was tested using the chi-square values. Skewness and 
kur tosis fo r  the observed d is t r ib u t io n  among the FI plants were 
estimated using the MPL program, and s ign if icance of skewness was tested 
by d iv id ing  the mean by standard er ror  and comparing with Z values at 

0.05 level (1.96).

The h e r i t a b i l i t y  (broad sense) (h2) estimates were made fo r  

each t r a i t  from the analysis of variance wherein the variance due to 
progeny X race in te ract ion  was added to the error  variance (A l lard ,  
1960) and h2 was computed by d iv id ing  the genotypic variance by the 
phenotypic variance. Phenotypic variance was the Mean Sum of Squares 

(MSS) fo r  the Progeny ( to ta l  variance due to differences in the reaction 
of the FI plants) and genotypic variance was

Phenotypic variance - er ror  MSS/no. of repl icat ions (10).
The h e r i t a b i l i t y  was also estimated fo r  reaction to each race using the 
above equation. Correlat ion coe f f ic ien ts  between the t r a i t s  were 
computed using the ce l l  mean values wi th a GENSTAT program (section 
2.7) .

14.3 RESULTS

14.3.1 ANALYSIS OF VARIANCE: The analysis of variance fo r  f ive  t r a i t s  of 
disease induced in 61 FI plants of the cross 60/122 X T-173 by two races 

of M_. medusae are presented in Table 14.1. The contr ibu t ion to the 
var ia t ion  observed in a l l  t r a i t s  by the FI p lant , race and th e i r  
in te rac t ion  were highly s ig n i f ica n t  (P < 0.001). The FI plant was by 
fa r  the highest contr ibu tor  to the var ia t ion  (except IPF where race was 
the most important c o n t r ib u to r ) , race a lesser con tr ibu tor ,  whi le the 
plant X race in te rac t ion  was least important cause of such va r ia t ion ,  in 
a l l  t r a i t s  (Table 14.1).
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Tables 14.1 Analysis of variance3 for five disease t ra i ts^3 by the 
progeny of the P_. del toi des cross cvs. 60/122 X T-173 with two races of 
M. medusae

Source D F IPF LP1 ULD USM USU

Plant 60 4.59 20.97 21.24 10.10 2.19
Race 1 6.50 6.47 4.25 1.47 0.41
Plant X Race 60 1.10 5.62 3.76 1.04 0.56
Residual 488 0.05 0.16 0.36 0.06 0.23
Total 609 0.62 2.76 2.76 1.15 0.45

a Mean sum of sqaures presented ; All values are highly s ignif icant  (P <
0.001). 

b The five t r a i t s  are incubation period to flekcing (IPF), latent period
to production of f i r s t  uredinium (LP1), uredinia produced per leaf 
disk (ULD; square root transformed), urediniospores produced per sq. 
mm (USM; loge +1 transformed), and urediniospores produced per 
uredinium (USU, loge + 1 transformed).
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When the variance due to the in teract ion is added to that of 
residual,  the main effects  remained s ign i f ica n t  (P < 0.001), except fo r  
race in USU. However, the s ign i f ica n t  in teract ion component indicates 
tha t  the level of disease on a spec i f ic  FI plant varied with the race 
employed; and thus fo r  a l l  t r a i t s  a degree of physiologic specia l isat ion 
by these races on the plants studied, was evident.

14.3.2 DISEASE REACTION OF PARENTS TO TWO RACES : The mean fo r  both 

parents and mid parent values, with two races are presented in Table 
14.2. The female parent cv. 60/122 was more susceptible than male cv. 
T-173 to both races, and the l a t t e r  was characterised by a slower rate 
of disease i n i t i a t i o n  ( longer IPF and LP1) and lower disease severi ty 
(smaller ULD, USM and USU) (Plate 14.1). However between the parents, 
f o r  most t r a i t s ,  there were clear dif ferences in the ranking of the 
races fo r  aggressiveness (Plate 14.1). On cv. T-173, Race 5M was 
re la t i v e ly  more aggressive than race 7A while on cv. 60/122, race 7A was 
more aggressive than race 5M fo r  a l l  t r a i t s  except IPF.

14.3.3 DISEASE REACTION OF THE FI PLANTS TO TWO RACES : The mean 
(populat ion), standard deviat ion, range observed, skewness and kurtosis 
of the d is t r ib u t io n ,  along with sign if icance of deviat ion from normal 
d is t r ib u t io n ,  of the FI plants fo r  f ive  t r a i t s  of disease observed for  
both races are presented in table 14.2. The observed frequency 
d is t r ib u t io n  of the FI plants along with parental posit ions fo r  f ive  
t r a i t s  are presented in Fig. 14.1. As some features of the FI plants 
were s im i la r  with both races, in the fol lowing presentat ion, the 
pa r t icu la r  race is specif ied only when there are marked differences 
between the reaction of two races. Also, fo r  ULD, USM and USU, the 

transformed values are presented and thus, the differences between 
treatments at the higher level would appear smaller than those actual ly  
observed.

There was a clear segregation of the Flplants fo r  a l l  disease 
t r a i t s  (Fig. 14.1) ind ica t ing the heterozygosity of the parental clones 

used. Also, fo r  a l l  disease t r a i t s ,  the range of mean values among FI
plants exceeded both the parental means (Table 14.2, Fig. 14.1) 

ind ica t ing  the transgressive segregation in the progeny of th is  cross.
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Table 14.3 Matr ix  of c o r re la t io n  c o e f f i c ie n ts  ( r ) a between 

t r a i t s  of disease among the F^ plants of the cross 60/122 X 
races 5M and 7A of M. medusae. (D F = 60).

a) WITH RACE 5M

the f i  ve 

T-173 to

IPF LP1 ULD USM USU

IPF 1.00

LP1 0.35 1.00

ULD -0.37 -0.63 1.00

USM -0.47 -0.71 0.65 1.00

USU -0.37 -0.41 0.08ns 0.81 1.00

b) WITH RACE 7A

IPF LP1 ULD USM USU

IPF 1.00

LP1 0.47 1.00

ULD -0.42 -0.67 1.00

USM -0.35 -0.79 0.59 1.00

USU -0 .07ns -0.38 -0.10* 0.72 1.00

a A l l  unmarked values are h igh ly  s i g n i f i c a n t  (P < 0.001).

ns denotes non s i g n i f i c a n t  (P > 0 .25) ,  whi le * denotes 

s ig n i f i c a n t  at P = 0.75-0.90.
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Further, fo r  a l l  t r a i t s  (except USU with race 7A), the f i t  to normal
d is t r ib u t io n  was low to moderate (P, 0.001 to 0.75). For a l l  t r a i t s ,
the skewness was s ign i f ica n t  (P < 0.05), and was posi t ive fo r  IPF and
LP1, but negative fo r  ULD, USM and USU. This indicates the occurrence 
of dominance or non-addit ive in te rac t ion  in th is  cross, with higher
resistance being recessive to lower resistance fo r  a l l  t r a i t s .

With race 5M, the parents d i f fe red  l i t t l e  fo r  IPF, but with 

race 7M the dif ferences were more pronouned (Table 14.2), and thus the 

concentration of the progeny around the parental values fo r  IPF (Fig. 
14.1a) is not surpris ing. Although there was a transgressive 

segregation towards longer IPF, very few plants with IPF shorter than 
the shortest parent (cv. 60/122) were observed.

Although the la tent period (LP1) measures the day to
production of f i r s t  uredinium, usual ly 20-30% of the uredinia appear 
together on th is  day. The d is t r ib u t io n  of the FI plants for la tent 
period (LP1) was re la t iv e ly  more continuous (Fig. 14.2b). Whilst the
modal class was closer to the shorter LP1 parent (cv. 60/122), the t a i l  
towards longer LP1 was pronounced and was beyond the values of the 
longer LP1 parent (cv. T-173). This may have resulted in the mean FI
values being s im i la r  to mid parent values fo r  both races (Table 14.2).

The frequency d is t r ib u t io n  of the FI plants for  uredinia 
produced per leaf disk (ULD) had a re la t i v e ly  better f i t  to normal than 
that  of other t r a i t s  (Table 14.2, Fig. 14.1c). Skewness was negative 
but s ig n i f ic a n t ,  ie. towards the high ULD (more susceptible) parent (cv. 
60/122). Considerable transgressive segregation beyond the susceptible 
parent was observed fo r  th is  t r a i t ,  p a r t i c u la r l y  with race 5M.

The FI mean values, fo r  urediniospores produced per sq. mm
(USM), were closer to that of the res is tant  parent (Table 14.2) and
also, the transgressi ve segregation beyond th is  parent was considerable 
(Fig. 14.Id ) .  With both races, there was a clear lack of f i t  of the FI
plants to normal d is t r ib u t io n  with a considerable peak (and thus the 

high kur tosis values) near the susceptible parent (Table 14.2, Fig.
14.c) .

For urediniospores produced per uredinium (USU), the
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d is t r ib u t io n  of the FI plants was normal, with a p a r t icu la r ly  good f i t  
f o r  race 7A (Table 14.2e). Although the differences between the
parental mean values were less, the FI mean values were nearly equal to 
that  of the resistant  parent (T-173) ind ica t ing the par t ia l  dominance of 

low USU over high USU. The Skewness was posi t ive with race 5M but 
negative with race 7A, suggesting the differences in the races 
corresponding to the a b i l i t y  of plants to support sporulat ion. However 
transgressive segregation beyond both parents was evident with both 
races.

Although there was s im i la r i t y  in the reaction by the FI plants 
to both races, there was also s ign i f ica n t  differences in the racial 

s p e c i f i c i t y  of the plants. For example, some plants which were
moderately susceptible fo r  a given t r a i t  to race 5M were highly 
susceptible to race 7A, and vice versa; such dif ferences would be 
responsible fo r  the s ig n i f ica n t  plant X race in teract ion seen in ANOVA 
(Table 14.1). (Note : the in fec t ion  type reaction, to races 5M and 7A 
along with those races referred in Chapter 13, of a l l  the FI plants used 
in the study is separately presented in Appendix 8).

While a l l  the FI plants were susceptible in varying degrees to 
both races there was one plant (plant no. 81 in Appendix 8) which was 

completely res is tant to both races and was not included in the FI range 
presented in Table 14.2. This suggests that both of these races carry 
an av i ru len t  gene corresponding to a res is tan t ,  probably recessive, gene 

in  th is  cross. However the same plant was highly susceptible to many 
other races of M_. medusae (Chapter 13; Appendix 8), suggesting that the 
high resistance in th is  plant to these two races may not be due to the 
cumulative e f fec t  of many resistance genes.

16.3.4 HERITABILITY OF RESISTANCE TRAITS : The broad-sense h e r i t a b i l i t y  
est imates*( f ixed race e f fec t )  fo r  a l l  t r a i t s  were 96-98% but fo r  USU i t  

was 90%. When h e r i t a b i l i t y  values were computed separately wi th each 
race, they increased by some 1-2% fo r  a l l  t r a i t s  but fo r  USU they were 

82 and 83% with races 5M and 7A respect ively. The high h e r i t a b i l i t y  
values indicate that the in teract ion of environmental variance in the 

present study was very low and thus most observed var ia t ion was due to

*A1ternate h e r i t a b i l i t y  values using Al lard (1960; pp 96-98) may be

s l i g h t l y  lower, e.g. fo r  LP1 - 87% and USU - 82%.
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genetic dif ferences between the plants. The re la t ive ly  lower 

h e r i t a b i l i t y  estimates when race effects  were included are due to the 
presence of plant X race in te rac t ive  variance.

16.3.5 THE CORRELATION BETWEEN TRAITS OF DISEASE : The matrix of
corre la t ion coe f f ic ien ts  ( r )  between d i f fe ren t  t r a i t s  of disease in the 
FI plants with race 5M and 7A are presented in Table 14.3. Trends of 

association among t r a i t s  with both races were general ly s im i la r .  A 
pos i t ive  and highly s ign i f ica n t  (P < 0.001) corre la t ion between IPF and 
LP1, ULD and USM, USM and USU were observed with both races (Table 
14.3). A negative and highly s ign i f ican t  (P < 0.001) corre la t ion 
between IPF and a l l  other t r a i t s  (except with USU fo r  race 5M, ns; P > 
0.25),  and between LP1 and a l l  other t r a i t s ,  were observed. Correlat ion 
between ULD and USU was not s ig n i f ic a n t ,  although i t  was negative fo r  
race 7A and pos i t ive fo r  race 5M. The most s ign i f ican t  corre lat ion fo r  
race 5M was between USM and USU fol lowed by LP1 and USM, and LP1 and 
ULD; and fo r  fo r  race 7A, i t  was between LP1 and USM, followed by USM 
and USU, and LP1 and ULD.

14.4 DISCUSSION

Poplars are dioecious and hence, high heterozygosity among the parental 
clones could be expected and the segregation observed at the FI level in 
the plants fo r  a l l  t r a i t s  studied, is not surpr is ing. Similar
segregation fo r  q u a l i ta t i v e  resistance was also observed with many races 

in the previous study (Chapter 13) and fo r  quant i ta t ive  resistance in 
other crosses (Appendix 9). Among the parents, cv. 60/122 (PI) was more 
susceptible than cv. T-173 (lower rate of disease progress, larger 

number of uredin ia, higher sporulat ion). However, cv. 60/122 was less 
susceptible than many other poplar cu l t iva rs  studied (Section I)  (e.g. 
cvs 1-154, 1-488, W-79/307), and thus i t  is possible that both cu l t iva rs  
carry numerous genes fo r  resistance, although cu l t i v a r  T-173 is expected 

to carry re la t i v e ly  more genes than cv. 60/122 fo r  the resistance t r a i t s  
investigated. However, fo r  IPF and USU, due to the small dif ferences 
between the parents, i t  is possible that both parents carry the same 
genes fo r  these two t r a i t s .  Race 5M was more aggressive than race 7A on
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cv. T-173 while the reverse was the case on cv. 60/122, i .e.  the races 
were most aggressive on the cultivars on which they were ini t ial ly 
isolated. Such quantitative specificity of the races on their  'own' 
cultivars supports earl ier observations (Chapter 7 and 8).

For all t r a i t s ,  the distribution of the FI plants was 
continuous for all t r a i t s  rather than discrete suggesting that these 
resistance t r ai t s  are polygenically inherited (genes with minor 
effects).  The significant skewness for all t r ai t s  indicate the presence 
of non-additive interactive interaction. For certain t ra i t s  (e.g. LP1), 
the FI mean approximated the mid parent values suggesting additive 
interactions in these t r a i t s .  The occurrence of transgressive 
segregation for all t ra i t s  also supports the presence of additive and 
non-additive interactions in these t r a i t s .  Based on midparent values, 
susceptibility appears to be dominant for IPF and ULD, while resistance 
seems to be dominant for USM and USU. However, based on the direction 
of skewness, susceptibility is dominant for all t r a i t s ,  except for USU 
with race 7A. Due to the heterozygosity of the parents, skewness should 
be a better indicator than mid parent values of dominance. Many authors 
have reported the recessiveness of quantitative resistance in other 
systems (Luke et_ _al_, 1975; Parlevliet,  1976; Skovmand et_ jQ_, 1978; 
Wilcoxson, 1981; Eskes and Carvalho, 1983; Prakash and Shivashankar, 
1984).

For IPF and LP1, although skewness was positive and towards 
the susceptible parent, plants with IPF shorter than 4 days or LP1 
shorter than 7 days were rarely noticed. Parlevliet (1976) made similar 
observations on the latent period of cultivars of barley against 
Puccinia hordei. However, IPF or LP1 shorter than those on F̂  plants 
were not observed on any of the other twenty poplar clones studied 
earl ier  (Section I).  Thus the physiological barrier may be an important 
cause of such an observation, i .e.  certain minimum time may be necessary 
for the germtubes of urediniospores to penetrate and establish on the 
host before subsequent macroscopic expression of disease.

Due to transgressive segregation, the appearance of many 
plants with long latent periods for both races, is significant from the 
view of selecting 'slow rusting' plants. Further, increased latent
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period was significantly and negatively associated with decreased 
uredinial number and spol iat ion,  and thus the selection for longer 
latent period, which can be done with relative ease and accuracy, should 
be a better criterion in selection for higher quantitative resistance. 
Latent period has been observed to be signficantly negatively correlated 
with t ra i t s  of disease severity in other systems (Parlevliet,  1979; 
Kulkarni and Chopra, 1930; Wilcoxson, 1981; Eskes, 1983a). Based on 
principal component analysis of these plants for all t r a i t s ,  LP1 had the 
highest loading on the latent vectors, suggesting the reasonable 
selection for other t ra i t s  based on selection of longer LP1 (details not 
presented). While the observations agree with that of Parlevliet (1977) 
on barley leaf rust, the association could be mainly due to1 the effect 
of host as,

1. Racial differences in pathogen affect differentially the observed 
LP1.

2. As seen in earl ier  studies (Section I),  shorter LP1 in the 
virulent races compared to avirulent wild types was associated 
with decreasing rather than increasing ULD or USM.

The relatively satisfactory f i t  of the data for ULD and USU to 
the normal distribution further supports the polygenic inheritance of 
these t r a i t s .  Possibly, the t ra i t s  of disease severity are controlled 
by more genes compared to those t r a i t s  of disease timing.

The absence of significant correlation between ULD and USU, 
but the presence of high correlation between ULD and USM, and between 
USM and USU, suggest that in some plants increased USM may be due to the 
higher uredinial number of those plants (cf. Chapter 7).

Transgressive segregation for quantitative resistance has been 
observed also in other systems (Gavinlertvatana and Wilcoxson, 1978; 
Skovmand _et__al_, 1978; Wallwork and Johnson, 1984). Wallwork and Johnson 
(1984) further suggested that such transgressive segregants would be 
more useful when they are derived from crosses of parents known to 
demonstrate 'durable' resistance. In the present study, even the 
susceptible cultivar contributed to higher resistance in the progeny, 
probably due to additive and or recessive resistance genes. This
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Observation agrees with the findings by Skovmand _et_ j5l_ (1978) in wheat 
fo r  resistance to stem rust,  that almost a l l  cu l t iva rs  possess slow 
rust ing genes a lb e i t  to varying degrees.

In th is  study, i t  was not possible to estimate the number of 
genes or factors condit ion ing each resistance t r a i t .  However the 
progeny trend in the current cross is s im i lar  to that observed fo r  the 
progeny d is t r ib u t io n  in many cereals fo r  resistance to rust,  where 2 to 

12 genes condit ioning t r a i t s  such as la tent period and area under 
disease progress curve has been reported (see Wilcoxson, 1931 fo r  
review).

Differences between the races in e l i c i t i n g  degrees of 
quant i ta t ive  resistance (a l l  t r a i t s )  in the FI plants indicate the 
usefulness of employing many races in such studies. Such d i f fe re n t ia l  
in te ract ions fo r  quant i ta t ive  t r a i t s  of disease in the segregating 
progeny has also been reported in other systems (P a r le v l ie t ,  1976; Mi 1 us 
and l i n e ,  1980; Wilcoxson, 1981). The demonstration of 'physiologic 
spec ia l isa t ion '  in the races fo r  quant i ta t ive  resistance suggests that 
th is  type of resistance may enforce selection on the population of the 
pathogen fo r  increased aggressiveness (c f .  Chapters 7 and 8). However, 
these observations c o n f l i c t  with the suggestions of some authors that 

such quant i ta t ive or rate-reduci ng resistance is basical ly  a non
spec i f ic  character (e.g. Vanderplank, 1968 and 1978). The antagonist ic 

reaction observed between the races when they were mixed which resulted 
in decreased aggressiveness (Chapter 8), fu r the r  supports the need to 
employ separate pure races in studies on such resistance.

The broad-sense h e r i t a b i l i t y  values were extremely high fo r  

most t r a i t s  and moderately high fo r  USU. This indicates the low 
component of the environmental variance in the data fo r  the t r a i t s .  
This would have l i t t l e  meaning when extrapolated to f i e l d  s i tua t ions,  
because in the present study, the physical and environmental var ia t ion 
had de l ibera te ly  been kept to a minimum. This would contrast with the 
f i e l d  s i tua t ion  where the environment is spa t ia l ly  and temporally 

heterogenous. Nevertheless, the high h e r i t a b i l i t y  values re f lec t  the 
repeat ibi 1i t y  of the resul ts under s im i la r  condit ions. The results 

agree with that of Thielges and Adams (1975), who from a f i e l d  study of
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several poplar clones and M_. medusae, also observed high he r i tab i l i ty  of 
resistance.

In a comparative examination within a FI plant of the 
quantitative reaction to these two races (5M and 7A) and qualitative 
reaction to many races studied in Chapter 13, (Appendix 8), no clear 
pattern of association between the two types of reactions emerged. For 
example, many plants which had high quantitative resistance (Long LP1, 
low ULD or USM) were highly susceptible (IT=4) to certain races. This 
confl icts the opinion of certain authors that defeated resistance genes 
may act as rate-reducing (quantitative) resistance (Riley, 1973; Nelson, 
1979) but supports the observations of others (e.g. Ayers et_ al_, 1981; 
Skovmand j?t__al_, 1973; Johnson, 1984), that these two types of resistance 
need not be same. There were a few plants with broad spectrum
qual itative resistance and also high levels of quantitative resistance, 
and thus i t  may be possible to select individual plants which combine 
resistance to many races 'slow rusting' background to virulent races.

The d i f f icu l ty  of selection, from* large number of crosses 
exposed to many races, of appropriate plants with broad spectrum
resistance and which are also relat ively stable in their reaction to all 
races, could be overcome by adopting the s tab i l i ty  analysis technique 
discussed by Jenns et_ a]_ (1982). Also, Rees et_ al_ (1979), Thompson and 
Rees (1979) have discussed the pattern analysis techniques to identify 
certain parameters of resistance that are most important, and to group 
the cultivars based on their  resistance t ra i ts  into several classes to 
enhance selection. When, principal component analysis was used to 
analyse the FI plants of this study, the high latent vector loadings for 
LP1 indicated that selection for long LP1 is l ikely to be accompanied by 
desirable concentration of the other favourable t ra i ts  of resistance. 
Also, by cluster analysis, when the FI plants were truncated based on 
their  resistance response in terms of al l t ra i ts ,  few plants with 
desirable t ra i ts  could be selected and are being planted in the f ie ld  
for further testing (details of these methods and results are not 
presented here).

The occurrence, in this limited study of a single cross of 
poplar, of many genes e l ic i t ing  qualitat ive and quantitative resistance
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to various races of M_. medusae is s ign i f ica n t  and s im i la r  resul ts were 
observed with studies of other crosses (Appendix 9). While the 
transgressive segregants o f fe r  an opportunity to select plants with 

higher degree of resistance compared to the parents, due to the presence 
of addi t ive in te rac t ion ,  additional improvement would be possible by 
futher hybrid izat ion and select ion.

The appropriate deployment of such cu l t iva rs  to manage the 
pathogen population and i t s  evolut ion, so that host-pathogen system is 

more balanced should receive high p r io r i t y .  Knowledge of pathogen 

evolut ion and i t s  in te rac t ive  role with the varying host and physical 
environments would thus help in more meaningful management of disease 
via host resistance.

1 4 .5  SUMMARY

The inheritance of f ive  t r a i t s  of quant i ta t ive  resistance to two races 
of M_. medusae was studied in a cross of P_. del to i  des clones. The 
resistance appeared to be polygenical ly inher i ted,  as the FI plants were 
continuously d is t r ibu ted  fo r  a l l  the t r a i t s .  Again, fo r  a l l  the t r a i t s ,  
considerable transgressive segregation and quant i ta t ive race-spec i f ic i ty  
was observed. In most t r a i t s ,  based on the skewness of the 
d is t r ib u t io n ,  higher resistance appeared to be recessive to lower 
resistance. The la tent  period was highly negatively correlated with the 
t r a i t s  of disease severi ty . The apparent addit ive genetic control and 
the observed transgressive segregation, suggests a potential  fo r  rapid 
improvement in the level of resistance by hybrid izat ion and select ion.
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CHAPTER 15

GENERAL DISCUSSION

1 5 .1  INTRODUCTION

The leaf rusts are among the most important diseases of poplars 
(Steenackers, 1972; Thielges, 1984). Zobel (1982), in an analysis of 
various strategies to control diseases of fo rest crops, concluded that 
'breeding fo r  resistance to pests is absolutely mandatory'. Sometimes, 
disease management by host resistance, has met with fa i lu re  due to the 
variable nature of the pathogen. Johnson et _al_ (1967) in a t rea t ise  on 
cereal rusts, concluded that ' . . . i t  is a t r ib u te  to the enoromous 
p la s t i c i t y  and adaptab i l i ty  of these pathogens, which, in one way or 
another, circumvented the control measures that have been devised'.

In the present study, genetic and related epidemiological 
aspects of the host-pathogen in teract ion in the Popul us - M. medusae 
system were investigated. However, as noted elsewhere (Chapters 2 and 

13), the perennial nature of the host and lack of sexual cycle in the 
pathogen are serious constraints to making precise genetic analysis of 
th is  sytem. While detai led information on genetic aspects is d i f f i c u l t  
to obtain wi th in less than three year t ime, even a l i t t l e  information 
may be of use in understanding the strategies adopted by the pathogen 
and thus to t a i l o r  the management of the system to circumvent these.

This chapter examines the broader implicat ions of the results 
presented in the foregoing chapters, and emphasises in pa r t icu la r  the 

common or con f l ic t ing  resu lts obtained. Although, a logical development 
and discussion of certain ideas to provide a framework for  consideration 
of current knowledge, has been attempted, a degree of speculation was 
considered ju s t i f y a b le .  The topics investigated ranged widely, hence, 
fo r  brevi ty , only cer tain s ign i f ican t  features have been discussed 
here. For c l a r i t y  and ease of presentat ion, the subject is organised
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in to  sections covering related information.

1 5 . 2  V A R IA T IO N  IN  THE PATHOGEN

Future evolution of the pathogen is perhaps the greatest uncerta in i ty  in 

plant breeding programmes (Micke in Kwon and Oh, 1977). Stakman (1947) 
has described plant pathogens as ' s h i f t y  enemies'. In _M. medusae the 
apparent genetic v a r ia b i l i t y  fo r  virulence and aggressiveness on 
d i f fe re n t  host and in various physical environments observed in the 

present study, supports these opinions.

Due to the asexual nature of the pathogen population studied, 
many of the observed genetic changes have been in ferred as due to 
mutations. While th is  is compatible with the broader d e f in i t io n  of 
mutation, that is ‘ as any sudden heri tab le change', mechanisms such as 

m i to t ic  recombinations, parasexuali t y ,  heterokaryosis etc. may have 
contr ibuted to the observed var ia t ion .  For example, Day (1972), 

commenting on results of G r i f f i t h  and Carr (1961)'s work on Puccinia 
coronata of Oats (see Chapter 5) , suggested that the wider virulence 
spectrum of the mutants induced by UV rays in th is  pathogen may be due 
to genetic recombination rather than induction of many separate but 
simultaneous mutations.

An a l le le  fo r  avirulence has been general ly suggested to 
function as an act ive inducer, in te rac t ing  with host resistance gene, to 
resu l t  in incompat ib i l i ty  (Rowell et_ aj ,̂ 1963; Day 1972 and 1974; 
El l ingboe, 1977 and 1978; Pryor, 1977; Keen, 1981). Thus i t  has been 
assumed that loss of the avirulence a l le le  by chromosomal delet ion would 
lead to virulence (F lo r ,  1958; Chapter 6) and th is  hypothesis is 
supported by mutation frequency k inet ics of M. 1 i ni by Schwinghamer 
(1959). However Burnett (1975) has argued, that i t  is improbable that 
isolates of Venturia inequalis (Cooke) Wint.,  known to be v i ru le n t  on 19 
resistance genes in apple (Day, 1974) would have incurred deletions at 
a l l  these s i tes .  Both the, radiat ion induced and natural,  v i ru len t  
mutants of race 4A of M. medusae in the current investigation (Chapter
5; Tables 5.1 and 5.5) exhibited s im i la r  wide virulence spectrums and
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thus, comparable arguements to those of Burnett (1975) can be made for 
the cause of virulence in the mutants of the present study. However, 
the results of the reciprocal temperature-transfer study (Chapter 11) 
support the concept of active interaction of avirulence and resistance 
genes. Possibly, the overall observations could be best explained by 
the activity of qualitative regulatory/supressor genes, similar to those 
observed in M_. 1 i ni (Lawrence jet _al_, 1981b) which influence the
structural a/virulence genes. Many such super-supressors, where a 
single locus influences the activity of many other producer loci, 
turning them on and off, are known in other fungi (Hawthrone and 
Mortimer, 1968; Burnett, 1975). In M_. medusae, similar supressor/s of
avirulence may be present and mutation of such allele which. results in 
actvity, could lead to supression of the avirulence alleles and thus 
lead to virulence. This hypothesis is consistent with the concept of 
avirulence as an active allele,  and with observations in some systems, 
where back mutation to avirulence has been noticed (Green, 1975; Luig, 
1978a). Watson and Luig (1968a) have also suggested the occurrence of 
supressor genes to explain the increased virulence of some races of _P. 
graminis f. sp. t r i t i c i  on wheat, and recently, the regulatory genes 
have been suggested to play a major role in the evolution of plant 
pathogens (Tepper and Anderson, 1984).

An increase in the spectrum of virulence was paralleled by a 
decrease in their aggressiveness in the virulent mutants on some, but 
not al l ,  susceptible cultivars (Tables 6.2 and 8.2; Chapters 6 and 8). 
Some authors have suggested that avirulence alleles support
aggressiveness of the pathogen in absence.of corresponding alleles
for resistance in the host (Vanderplank, 1975; Ellingboe, 1977; Gabriel
et a l , 1979), and thus, supression of such avirulence may lead to a 
decrease in aggressiveness of the pathogen (McIntosh and Watson, 
1982). However, in the present investigation certain exceptions to the 
general patterns were noticed. For example, race 5A was virulent on cv. 
7-2 but four of the five (radiation induced) virulent mutants were
avirulent on this cultivar. Also, an increase in aggressiveness with an
increase in the virulence spectrum on certain cultivars (Table 5.3; 
Chapter 5) was noticed. Thus, i t  is difficult  to make broad 
generalisations on the precise nature and role of virulence or
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avirulence al leles,  and their relationships with aggressiveness.

In races of M_. medusae, natural mutations to virulence seems 
to be of common occurence. Natural mutations to virulence on cv. T-173, 
and other cultivars were observed in both races 4A (Chapter 4) and 5A 
(Chapter 8). In contrast, mutation to complete avirulence on cv. T-173 
or other cultivars (except on cv. 7-2; Chapter 5) was not recorded in 
the races even when they were cultured for several generations on cv. I- 
488 (Chapter 8). Although i t  was expected that reduced aggressiveness, 
associated with such unnecessary virulence, may help the frequency of 
avirulence alleles to increase, relatively longer generations of culture 
on the susceptible cultivar may be required for the race piixtures to 
become completely avirulent on the resistant cultivar (Leonard and 
Czochor, 1980).

Variation for quantitative t ra i t s  in M_. medusae was also 
observed in most studies. Such t ra i t s  are believed to have a polygenic 
base (Day, 1974; Emara and Sidhu, 1974; Caten, 1982) but mutation of
polygenes has been less understood in plant pathogens. It is reasonable 
to assume that in plant pathogens, much demonstrated variability for 
aggressiveness t r a i t s  (Day, 1974; Parlevliet,  1978; Hill and Nelson, 
1983), including those from this study, would have their origin in
mutation. This observation is supported by the increased aggressiveness 
for some t ra i t s  on cv. 1-488 (ULD and USM; Table 7.2) in the irradiated, 
when compared to non-irradiated, population of the race 4B over serial 
culture (Chapter 7). Further assortment of the variability may be
brought about by forms of asexual recombination. Such variability in
aggressiveness, particularly with respect to cultivar specifici ty,  would 
be an important requirement for the pathogen in i ts adaptation to the 
host and physical environment. However, the observed plateaus attained 
in some of the t r a i t s  in race 5M when i t  was cultured on a cultivar T- 
173 for a few generations (e.g. LP1 and USM; Table 8.2; Chapter 8) may 
limit further evolution of the pathogen, and has been termed 
'genostasis'  (Bradshaw, 1972). Such limitation may have a physiological 
explanation (Chapter 14).

The occurrence of variability in the pathogen for environmental 
variables such as temperature and light intensity, is indicative of a
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fu r the r  dimension in the p la s t i c i t y  of the pathogen. El lingboe (1978), 
suggested that most high-temperature-sensi f ive mutations are missense 
mutations, involving changes in the primary structure of protein which 
in turn af fects the t e r t i a r y  structure . Such an hypothesis supports the 
theory of act ive recognit ion by the avirulence a l le les  in the pathogen 
of the resistance a l le le  in the host, since high temperature may lead to 
loss of protein function and thus resul t  in com pat ib i l i ty .  However, the 

pattern of temperature-sensi t iv i ty  observed in M. medusae with clones of 
poplars, is frequently the reverse of those observed by El lingboe 
(1978), and cited by Vanderplank (1978), i . e  high temperature results in 

incompat ib i l i ty  rather than compat ib i l i ty  (Tables 10.1 and 11.1; Section 
I I ) .  Recently, many evo lu t ion is ts  (e.g. Hederick and McDonald, 1980; 

MacIntyre, 1982) have argued that major adaptive sh i f t s  probably are not 
the resu lt  of gradual ly accumulated changes in protein structure but are 

most l i k e l y  due to changes at the level of gene regulat ion. These views 
are supported by some experimental evidence (Devonshire, 1977; McDonald 
_et_ _al_, 1977). McDonald (1983), even suggested that environment i t s e l f  
influences the rate and extent of mutations necessary fo r  adaptation, 
and that mutation rates may increase dramatical ly during periods of 
environmental challenge.

Thus, the populations of M. medusae, although of mono- 
urediniospore o r ig in ,  and asexually reproducing, possess considerable 
potentia l  var ia t ion fo r  s ign i f ican t  adaptive response to var ia t ion in 

host genotype, temperature and l i g h t  in tens i ty .  Similar p o s s ib i l i t i e s  
may exist in the population to adapt to other environmental features 
such as photoperiod, which has been shown to a ffect the virulence and 
aggressiveness of M_. medusae (Singh and Heather, 1983).

1 5 .3  RELATIONSHIP BETWEEN VIRULENCE SPECTRUM AND AGGRESSIVENESS

While a few authors have opined that the virulence spectrum and 
aggressiveness in the pathogen are separate factors with no 
in te r re la t ionsh ip  (e.g. Green, 1975; Bronson and El lingboe, 1981), the 
present studies with M_. medusae suggest, that these two factors may be 
associated. The comparative analysis, of natural or radiat ion induced,
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v i ru le n t  mutants and th e i r  respective wild types, on a range of 
cu l t iva rs  (Chapters 5 and 8), suggested that while aggressiveness levels 

on a pa r t icu la r  c u l t i v a r  varied between the races (or iso la tes ) ,  such 

dif ferences were more pronounced between races which d i f fe red in th e i r  
vi rulence spectrum ( i . e .  mutants and the wild type). While on certain 
c u l t i v a rs ,  an increasing aggressiveness was observed with an increase in 
spectrum of vi rulence (Chapter 5), decreasing aggressiveness was evident 
on cu l t iva rs  such as 1-488 and I t a l i c a ,  which are regarded as universal 
suscepts (Chapters 5 and 6). Further, in serial cul ture studies 
increase in aggressiveness of the races on pa r t icu la r  cu l t iva rs  was 

para l le led by decreasing aggressiveness on certain other cu l t iva rs ,  and 
suggesting a possible trend of decreasing virulence spectrum (Chapter 
8) . Consistent association of broader virulence spectrum and low 
aggressiveness in the races on certain cu l t iva rs  could be exploited in 

the disease management by deploying those cu l t iva rs .  Similar 
observations were made by Wolfe (1984) with powdery mildew of barley, 
and by Alexander et _al_ (1984a) with rust of beans. These results also 
suggest that virulence and aggressiveness on a pa r t icu la r  host genotype 
can be influenced by a non-corresponding host resistance (Wolfe et al , 
1983; Alexander et_ al_, 1984a). Wolfe (1984) has also suggested that 
th is  conclusion is somewhat contrary to the general ly accepted view of 
the gene-for-gene theory, which assumes an a l l -o r -no th ing  re lat ionship 
between a host resistance gene and the correspond!'ng gene for  vi rulence, 
and no re lat ionship between the host gene and other, non-corresponding 
genes fo r  v iru lence. Nevertheless, i t  would be consistent with the
possible natural evolutionary trends in the pathogen, where, on natural 
diverse host populat ions, there is a t rade-o f f  between select ion for  
f l e x i b i l i t y  (viru lence spectrum) on a wide range of hosts and of 
aggressiveness on spec i f ic  hosts over the in fect ious season to su i t  the 
ex is t ing  host patterns (Barre t t ,  1980; Wolfe et_aj_, 1983).

The dif ferences in aggressiveness between the v i ru len t  and 

av i ru lent  races, may be responsible also fo r  the av iru lent race being a 
s l i g h t l y  bet ter  competitor on susceptible cu l t iva rs  in the race mixture 
studies (Table 8.3; Chapter 8). Had the racemixture been s e r ia l l y  
cultured on certain cu l t iva rs  on which the v i ru len t  race was more 
aggressive compared to the av iru lent race (Chapter 5), then the former
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race would possibly have been a better competi tor. While th is  may be 
explained on the basis of 'weak' and 's trong' host resistance genes 
( sensu Vanderplank, 1968), the resul ts of ser ial culture also suggest 
tha t  such a c la ss i f i ca t io n  depends on the pa r t icu la r  cu l t i v a r  on which 

the races were cultured. For example, the eleventh generation iso late 
of the v i ru len t  mutant races with increased aggressiveness on cv. 1-488 

had decreased aggressiveness (most t r a i t s )  on cv. T-173 and vice versa 
fo r  LP1 (Table 8.2 ).

While the present, and cer tain other observations (Leonard, 
1969; F lor ,  1971; Wolfe and Barre t t ,  1980; Chin and Wolfe, 1984), 
support the theory that the virulence spectrum (sensu the host range) 
and the aggressiveness on a spec i f ic  c u l t i v a r  are in te r - re la ted ,  i t  is 
d i f f i c u l t  to propose reasons fo r  such an associat ion. As indicated 
(Chapter 6), the chanell ing of avirulence a l le le s ,  which function in 
promoting aggressiveness on a susceptible c u l t i v a r ,  to function in 

recognit ion of resistance, may lead to the reduction in f i tness of the 
race. S im i la r ly ,  on those groups of cu l t iva rs  where posit ive 
association between the virulence spectrum and aggressiveness ex is ts ,  
virulence a l le les  may act add i t ive ly  to counter a l l  the resistance genes 
in the c u l t i v a r  fo r  complete expression of susce p t ib i l i t y  (Simons and 
McDaniel, 1983). This theory appears more plausible than that 

postulated as due to linkage (Chapter 6). Linkage could be broken by 
recombination and other mechanisms, and select ion fo r  a wider virulence 
spectrum combined with increased aggressiveness on a l l  cu l t iva rs  (so 
cal led 'super races') over serial culture would then be a p o s s ib i l i t y ;  

such a development was not observed in the present investigation 
(Chapter 8). Possibly, genetic l im i ta t ions  impose constraints on the 

combinations required fo r  the production of such a race.
In a conceptual sense, the virulence spectrum of the pathogen 

on the host para l le ls  that of adaptation by the pathogen to a wide range 
of temperature or l i g h t  in te n s i t ie s .  In the selection studies fo r  these 

environmental variables (Chapter 10), those isolates with broader 
environmental range (temperature and l i g h t  in tens i ty )  were also more 

aggressive. While th is  may have been par t ly  an ar te fac t  of the 

experiment (generations of ser ial cu l tu re ) ,  the s p e c i f i c i t y  of the low 
temperature and low l ig h t  in tens i ty  isolates to certain environments of
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incubation and the di fferential interaction between the isolates and 
environments observed (Chapter 10), suggests that i t  is unlikely that a 
single biotype with a broad spectrum adaptability to heterogenous 
environments (to many elements) would arise. For instance, isolates 
selected for virulence at high l ight intensit ies were avirulent at high 
temperatures and vi ce versa. Further, the adaptation to high 
temperature or high l ight intensity was associated with the host 
genotype on which the adaptation occured. Finally, despite the observed 
high aggressiveness of the high temperature or high l ight intensity 
isolates, the frequency of these isolates in the base population was 
low, suggesting that at low temperature/low l ight intensity, selection 
was operative against 1unncecessary‘ environmental tolerant variants.

The results of many laboratory studies dealing with virulence 
and aggressiveness conflicted with those of f ie ld  studies (Loegering, 
1951, Watson and Luig, 1968b; Martens, 1973; Falhati-Rastegar et a l , 
1981). The interaction of many other factors such as inoculum density, 
physical environmental variables etc. possibly influences the f ie ld 
results, hence, the trends of results reported in this thesis, should be 
tested under f ie ld  conditions in polycyclic disease situations, 
employing the natural variants from the f ie ld .

1 5 . 4  RACE-CULTIVAR SP EC IF IC ITY

Specif icity is used to imply an adaptive matching of host and pathogen 
individuals (Scott _et_ a]_, 1980). The specif ic ity between host and 
pathogen genotypes is recognised on the basis of di fferential  
interaction, and four such classes of interaction, not al l equally 
d is t inc t ,  are recognised : qualitative interaction with or without 
reversed ranking and quantitative interaction with or without reversed 
ranking (Scott _et_ _al_, 1980). In the present study, where the reaction 
of many isolates/races of M. medusae with many cultivars of poplars were 
assessed, a l l the four classes of specif ic ity were observed, while the 
cult ivar X race/isolate interaction in the ANOVA was almost always a 
signif icant source of variation in a parameter (Chapters 5, 6, 7, 8, 13 
and 14; Appendix 8). Further, the ranking of isolates for one t r a i t  of
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aggressiveness on a cultivar was somtimes inconsistent with those of 
other t r a i t s  (e.g. Chapter 6), indicating that the extent of specificity 
was often dependent on the particular t r a i t  observed.

While the specificity for qualitative virulence or resistance, 
particularly when accompanied by a reversal in ranking (Table 5.1; 
Chapters 5 and Table 6.1; Chapter 6) is suggestive of the gene-for-gene 
basis of interaction of the host and pathogen (Flor, 1956 and 1971), the 
apparent specificity for quantitative t r a i t s  such as latent period, 
uredinial number and sporulation are sometimes difficult  to explain in 
such simple genetic terms. Parlevliet and Zadoks (1977) have suggested 
that such interactions result from the integrated reaction of major and 
minor genes in the host and pathogen on a gene-for-gene basis.

Many of the results in the present study, particularly on 
qualitative interactions, have been explained assuming a gene-for-gene 
relationship as the simplest genetic basis for such interactions. For 
example, the observation that the dominant gene for resistance to race 
5A in cv. T-173 was overcome by the virulent mutants derived from this 
race, is consistent with the concept of a gene-for-gene relationship. 
Similarly, the differing segregation ratios in the progeny of the cross 
between cvs. 60/122 and T-173, at least with certain races (Chapter 13; 
Appendix 8), can simply explained on the basis of a gene-for-gene 
i nteraction.

While many authors have proposed that quantitative resistance 
in the host and aggressiveness in the pathogen do not interact 
differentially and thus are 'non-specific'  (e.g. Vanderplank, 1968), 
such views have been questioned by others (e.g. Johnson and Taylor, 
1976; Parlevliet and Zadoks, 1977; Kulakarni and Chopra, 1980; McIntosh 
and Watson, 1982; Johnson, 1983 and 1984). The attractive feature of 
'non-specific'  resistance, providing this means that the resistance is 
expressed equally against all pathogen biotypes, is that i t  could be 
expected to be stable (Vanderplank, 1968; Person _et_ aj_, 1983). The 
proposed stabil i ty would result from the absence of host biotype 
selection pressures on the population of pathogen biotypes. However, 
the apparent universal occurrence of specifcity in cultivars of poplars 
to races of _M. medusae (Sections I and III;  Singh and Heather, 1982b and
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1983) and of M_. 1 ar ic i -popu l ina  (Heather and Chandrashekar, 1982),

raises doubts on the occurrence of such 'non-speci f ic '  in te rac t ions ,  

at least  in th is  system. Many workers, however, are op t im is t ic  about 
iden t i fy ing  such 'non-spec i f ic '  resistance. In th e i r  model, Person et_ 

al (1983) have shown that when polygenes of hosts and pathogens are 
assumed to in teract  non s p e c i f ica l ly  ( a d d i t i v e ly ) , s t a b i l i t y  could be 
achieved. Attainment of such s t a b i l i t y  via 'non-specif ic  resistance' is 
being pursued in many pathosystems (e.g. Beek, 1983; Robinson, 1983). 
Because of constraints in iden t i fy ing  such apparent race non-specif ic 
resistance, and co n f l i c ts  about i t s  ro le, El lingboe (1975) has suggested 
that race-non-specif ic resistance is one which has not yet been shown to 
be race-specif ic . Wolfe and Schwarzbach (1978) have questioned the 

existence of race-non-specif ic resistance since ' i t  precludes the 
p o s s ib i l i t y  of pathogen evo lu t ion ' .  In the analysis of f ie ld  

observations, the race X c u l t i v a r  in te rac t ion  component in the ANOVA may 
be confounded with the error component (P a r le v l ie t ,  1981), and thus 
race-spec i f ic i ty  may go undetected. In pract ice, as pointed out by
Caten (1974), i t  is not simply the presence or absence of a d i f fe re n t ia l  
in teract ion that matters but t h e i r  magnitude re la t ive  to the dif ferences 
in resistance between the cu l t iva rs ,  i . e .  th e i r  capacity to excercise 
select ion pressure. Thus, with the adoption of suitable s ta t i s t i c a l  
approach, i t  may be possible to ide n t i fy  those cu l t iva rs  which are less 
in te rac t ive  with the var iat ions in the pathogen (Hamid et_ _al_, 1982; 
Jenns et a l , 1982).

1 5 . 5  C O M P A TIB IL ITY  AND IN C O M P A TIB IL IT Y  PHENOMENA

Although i t  is d i f f i c u l t  to define prec ise ly , compat ib i l i ty  implies an 
association of pathogen and host species resul t ing in s u sce p t ib i l i t y  of 
the l a t t e r  and reproduction of the former, whi le incompat ib i l i ty  is a 

resistance reaction wi th in the framework of th is  associat ion, i . e .  the 

ignoring the non-host resistance (c f .  El l ingboe, 1981; Heath, 1981). 

Rowell et_ al_ (1963), in te rpre t ing  the quadratic check of host and 
pathogen genotypes, suggested that resistance a l le les  in the host and 
avirulence a l le les in the pathogen in te ract  to e l i c i t  an incompatible 
reaction. Subsequently, Browning (1974) suggested tha t ,  during
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evolut ionary time, such major gene systems have become superimposed over 

the basic compat ib i l i ty  system. The genetic, evolut ionary,
physiological and biochemical implicat ions of both systems have been 
discussed (El l ingboe, 1977; Bushnell and Rowell, 1981; Heath, 1981; 
Keen, 1981; P a r le v l ie t ,  1983a). While some authors have suggested that 
spec i f ic  and act ive recognition is fo r  incompat ib i l i ty  or resistance 
(e.g. El l ingboe, 1977), others have suggested that i t  is for  a 
compatible or susceptible reaction (Favret, 1971; Ward and Stoessl, 
1976; Hiura, 1978; Vanderplank 1978 and 1982). The object ives of the 
present study did not include a spec i f ic  analysis of these viewpoints, 
but the results permit discussion and speculation on relevance to the 
current concepts.

The incompat ib i l i ty  system (Model I)  has been proposed to act 
on a gene-for-gene basis, with the recognit ion for  incompat ib i l i ty  ( - )  
between the a l le les  fo r  resistance and avirulence (Ell ingboe, 1977; 
P a r le v l ie t ,  1983a). Usually, but not necessari ly, both a l le les  are 
dominant, and the absence of one of the a l le le s ,  by de fau l t ,  leads to a 
susceptible (+) reaction (Table 15.1) (El l ingobe, 1978; P a r lev l ie t ,  
1983a).

Table 15.1 The incompat ib i l i ty  system (Model I)  (P a r le v l ie t ,  1983a).

Host Pathogen

a l 1ele - al le les
Avirulence virulence

A_ aa

Resistance R_ - +

Suscep t ib i l i ty  r r + +

In the present study, the reaction of cvs. 1-488, T-173 (Table 
6.1; Chapter 6) and a few other cu l t iva rs  (Chapter 5 and 8), to both the 
w i ld  type and v i ru len t  races, are consistent with th is  hypothesis. For 

example, the genes for  resistance in cv. T-173 to races 5A and 4B appear
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to be dominant, while the ease with which the virulent, is obtained from 
the avirulent, race suggests that avirulence may be dominant (Chapter 
4). The studies with temperature activation of resistance, also support 
the theory that active recognition is for an incompatible rather than a 
compatible reaction, and that the former is potentially epistatic to the 
compatible reaction.

However, the results of the reaction of virulent mutants with 
certain other cultivars are inconsistent with this theory. For example, 
the mesothetic (necrotic flecks and few uredinia) reaction of cv. W- 
79/307 to the wild type race 5A was changed to complete susceptibility 
with the virulent mutants (Table 5.1; Chapter 5). If the necrotic 
flecks, elicited by the avirulent race, are the results of interaction 
with the corresponding resistance gene in this cultivar, i t  is difficul t  
to explain the absence of epistasis of this incompatible reaction. 
Further, the increased virulence spectrum of the irradiated mutant (5M 
series) resulted in an increase in aggressiveness on this cultivar
(Table 5.3). Thus, this cultivar (W-79/307) may carry many genes for
resistance and absence of recogniton of some these genes by the wild 
type (race 5A) may not result in complete susceptiblity. The virulent 
mutants, because of their increased virulence spectrum, could negate all 
these genes to achieve complete susceptibility. However, in this 
cultivar (W-79/307), the temperature sensitive resistance reaction to 
race 4C was epistatic to the potential susceptible reaction of race 4M, 
when the lat ter  was inoculated four days after the inoculation with the 
former race (Table 11.3; Chapter 11). Further, on this cultivar, the 
natural virulent mutants did not exhibit- increased aggressiveness in
contrast to the radiation induced mutants (Table 5.6). Possibly, as
suggested by Kuc (1983), the resistance reaction depends not merely on 
the presence or absence of genetic information but whether this 
information is expressed soon enough and with sufficient magnitude. 
Watson and Luig (1968a) suggested that such intermediate reactions may 
result from incomplete virulence or heterozygosity. Eskes (1983a) has 
discussed certain other factors responsible for such reactions.

The present theories are inadequate to explain the loss of 
virulence in the induced virulent mutants of race 5A to cv. 7-2 (Table
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5.1; Chapter 5). This change suggests that virulence of the wild type 
race 5A towards this cultivar may not be due to the deletion of 
avirulence alleles,  for i t  would then be impossible for the avirulence 
allele to arise at this locus by mutation. Thus, the 
supressor/regulatory gene hypothesis (Chapter 5) would best explain the 
observed reactions as i t  does not assume the deletion of an avirulence 
allele to result in virulence. However, such interactions would not 
correspond to the gene-for gene theory sensu s t r i c to , because of the 
lack of numerical equivalence between the genes in the host and the 
pathogen.

The present investigations suggest that variations in basic 
compatibility exists at differing degrees in both host (susceptiblity) 
and pathogen (aggressiveness) and that this is predominantly
interactive. According to Parlevliet (1983a), the basic compatibility 
system (Table 15.2; Model II) operates on a reverse gene-for-gene basis, 
where the recognition is for compatibility, operating in polygenic 
fashion between genes for resistance/susceptibility in the host and 
aggressiveness in the pathogen (Table 15.2) (Parlevliet and Zadoks, 
1977) :

Table 15.2 The basic compatibility system (Model II).  
(modified from Parlevliet,  1983a).

Host
Resistance

Low S-
High ss

Pathogen aggressiveness
High Low

A- aa
+ +
+

Although presented as a single locus, tnis model represents a 
multilocus system. The low resistance (high susceptibility) is dominant 
over high resistance (low susceptibility) in the host and high 
aggressiveness is dominant over low aggressiveness in the pathogen. 
Since these factors are measured by quantitative parameters, the 
extremes would result in either higher susceptibility or resistance, and
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thus the d is inc t ion  between + and - ,  is one of a degree rather than 
kind. The quant i ta t ive  components of resistance in the cross cvs. 
60/122 X T-173 (Fig. 14.1; Chapter 14) and in other crosses (Appendix 9) 
appear to be inher i ted po lygen ica l ly , and higher resistance fo r  most 

t r a i t s  was recessive to lower resistance . Similar resul ts have been 
obtained with many such quant i ta t ive studies on resistance in other 
systems (e.g. P a r le v l ie t ,  1977; Kulakarni and Chopra, 1980; Wilcoxson, 
1981; Eskes, 1983b). Also, the higher aggressiveness in the pathogen 
has been observed to be dominant to lower aggressiveness in U s t i1 ago 
hordei (Emara and Sidhu, 1974). The decrease in aggressiveness of the 

wi ld  type race 5A of M_. medusae upon mutation (Chapter 6) is consistent 
with th is  suggestion, as mutations are usual ly from dominant to 

recessive (P a r le v l ie t ,  1983a). Thus, as suggested by El l ingboe (1976) 
and P a r lv l ie t  (1983a), in a basic compatib i l i ty  model, recognit ion 
seems to be fo r  s u s c e p t ib i l i t y .

In the evolut ionary context, the onus is on the pathogen to 

evolve gene products to resul t  in the compat ib i l i ty  system (P a r le v l ie t ,  
1983a), while in the incompatibl i ty system, i t  is on the host to 
recognise the product of avirulence in the pathogen (Heath, 1981). In 
addi t ion, El lingboe (1978), has suggested that during evolut ion, the 
pathosystem evolves from a compat ib i l i ty  system (model I I )  to
incompat ib i l i ty  system (model I ) ,  and thus in new pathosystems such as 
Cochiiobolus v ic to r iae  (Drechs.) Nelson on oats, the avai lable evidence 
is  suggestive of only compat ib i l i ty  system (model I I ) ,  and wi th more 
evolved biotrophic pathogens, the evidence is fo r  the incompat ib i l i ty  
system.

In the Poplar-M_. medusae complex, there is circumstantial  
evidence fo r  occurrence of both systems (Tables 15.1 and 15.2), and thus 
the id e n t i f i c a t io n  of the pa r t icu la r  model depends on the method of 
analysis (qua l i ta t ive  or quant i ta t ive)  adopted. I f  we assume that both 
systems are integrated and in te rac t ive ,  much of the var ia t ion observed 
in e i ther system can possibly be understood. This assumption would 
account also fo r  the complexity of the system, wherein the re la t ive  
inf luence of each system in the ult imate disease expression would be 
expected to vary depending on the pa r t icu la r  genotypes of the host and 
pathogen, in in te ract ion  with the physical environment. These 
in te rac t ive  re lat ionships between the components of the incompat ib i l i ty
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system (vi rulence and resistance a l le le s ) ,  the compat ib i l i ty  system 

(suscep t ib l i t y  and aggressiveness fac to rs ) ,  and the physical environment 
would influence the disease expression and hence the evolut ion of the 
pathosystem.

1 5 .6  EVOLUTION OF THE PATHOGEN AND S T A B IL IT Y  OF THE SYSTEM

Breeding plants fo r  resistance to pathogens is breeding against a 
f le x ib le  adversary (Heybroek et_ al_, 1982) and the present study with M_. 
medusae on poplar fu r ther  emphasises th is  point.  Evolution is a 
continuous process and in natural pathosystems the associat ion of the 

host and pathogen can have four possible consequences (Barre t t ,  1984) :

1. Chance f luc ta t ions  in population numbers el iminate the 
host, the pathogen or both.

2. The pathogen el iminates the host, and i f  the pathogen is 
a biotroph, i t  also is el iminated.

3. The association persists but the host eventual ly evolves 
complete resistance/immunity and the pathogen becomes 
ext inc t  or ceases to be a pathogen on the pa r t icu la r  
host.

4. An equi l ibr ium between host and the pathogen is attained 
and the association pers is ts .

Only the las t  of these outcomes w i l l  leave any evidence of the 
association ever having existed, and much' of our current observations 
and in terpreta t ions are based on th is  association (Barre t t ,  1984).

Evolution concerns var ia t ion and select ion in th e i r  in terp lay 

wi th one another (Mather, 1973). According to Harper (1977), the only 

way to study such a dynamic process is to perturb the system. Whilst 

there may be moral or ethical problems in disturbing the natural 
ecosystems in order to explore the underlying processes (Barre t t ,  1984), 

these problems are avoided in laboratory studies, such as those reported 

in the thesis.
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The objectives of the pathogen, particularly a biotroph, in 
evolution, however, are conflicting. It must be f i t  to survive and pass 
on the maximum number of progeny (in the Darwinian sense), but must 
ensure also that the host survives. Such harmony between host and 
pathogen may exist in natural pathosystems and may result from a number 
of interactive factors (Haldane, 1949, Futuyma, 1979; Leonard and 
Czochor, 1980). In some systems, where man has a predominant role, this 
harmony may be disturbed and epidemic diseases result (Watson, 1970; 
Marshall, 1977; Nelson, 1979). An understand!'ng of the evolution of the 
pathogen may help to restore stabil i ty to such a system by reciprocal 
structuring of the host population. An analysis of microevolutionary 
processes, as evidenced in this investigation, may yield clues on the 
naturally occurring micro and macroevolutionary patterns (Gould, 
1977). Due to the short generation time and high fecundity of some 
pathogens, rapid shifts in population, in response to biological and 
physical selection pressures, could occur in a relatively short time 
span, e.g. Helminthosporium blight of corn, Endothia blight of chestnut, 
Ceratocystis (Dutch elm) disease of elms (Day, 1974) i l lus t ra te  this 
suggestion. The pathogens may act as strong selective forces on the 
hosts and in natural populations, hosts may develop polymorphism over 
time (cf. Haldane, 1949; Harlan, 1976). Pathogen induced changes in the 
host populations can also occur over a relativley short time span (e.g. 
studies with biological control of skeleton weed in Australia; Burdon et 
a l , 1981).

Directional selection for virulence and aggressiveness in M_. 
medusae is exerted by host genotypes (Chapters 7 and 8) and by 
environmental variables (temperature and light intensity) (Chapter 
10). Further, the wide changes in the virulence spectrum on a range of 
host cultivars observed in both natural and irradiated populations 
(Chapter 5), suggests that this pathogen has significant potential 
f lexibi l i ty for adaptation to a considerable host range. While such 
directional selection at the extremities of the scale (Chapters 7, 8 and 
10), could obviously result a consistent dr i f t  towards higher levels of 
disease, a disruptive selection can bring about a multimodal response. 
For example, the studies with temperature and light intensity (Chapter 
10), demonstrated a degreee of adaptation in virulence and
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aggressiveness in the pathogen to the specific regimes of incubation. 
In nature, due to the cyclic form of certain environmental features, 
polymorphism in the pathogen may s t i l l  result,  since individual isolates 
specific to a particular seasonal niche are replaced by others when the 
environmental changes occur. Environmental heterogeneity over space can 
also cause polymorphism. Further, Sharma and Heather (1982) have 
suggested that,  the observed interaction of hyperparasites like 
Cladosporiurn spp. with the leaf rust in poplar, may provide further 
homoeostatic selection pressure on the pathogen. Such polymorhphisms 
due to spatial and temporal heterogeneity of the biological and physical 
environment may contribute to the stabil i ty of the system (Ludwig, 1950; 
Merrrel, 1981).

Similarly, disruptive selection by host genotypes can be 
enforced by deploying cultivar mixtures which do not support directional 
selection for aggressiveness in the pathogen on all host genotypes. 
Significant disassociation of the aggressiveness trends have been 
observed in the virulent races on certain cultivars (Chapter 8). This 
can be exploited in poplar plantings to keep the disease levels to a 
minimum and to prevent domination by a race with wide virulence spectrum 
combined with high aggressiveness on all the cultivars, because of the 
evolutionary dilemma faced by the pathogen in such situations. Such a 
system would exploit the variability in the pathogen and race- 
specificity in the host, the two most cited constraints in breeding for 
disease resistance (Day, 1974), to achieve disease control.

In other systems, several means have been proposed to achieve 
stabil i ty and minimise losses due to disease (Chapter 12). The gene 
pyramid approach (Nelson, 1979), the safety of which is based mainly on 
the genetic probabilities (Person jet_ _al_, 1976), may not be a suitable 
approach in poplar leaf rust sytem, because, 1) the pathogen has been 
observed to mutate with relative ease to very wide virulence spectrum 
(Chapters 4 and 5), 2) The 'defeated1 resistance genes do not
necessarily retard the aggressiveness of the pathogen (Chapters 5 and 
14). 3) The homogeneity of the deployed host population is implicit in
this approach, and thus, if a pathogen population with wide virulence 
spectrum should arise, i t  may develop also high aggressiveness, because
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there is no scope for selection against unnecessary virulence and/or 
aggressivenes on other cultivars. Further, as observed on some 
cultivars (Chapter 5), the pathogen can increase in virulence to match 
additional resistance genes to result in complete susceptibility. Thus 
numerous major resistance genes within a cultivar may possibly be a 
l iabi l i ty  for the host rather than an asset, and further research is 
needed in this area.

The gene pyramid approach would involve extensive
hybridization and backcrossing; these are difficult  and time consuming 
in tree crops. A multiline system may also be unsuitable for these 
reasons. The lat ter  system also has the risk factor of a uniform 
background genotype of the host, which may enforce directional selection 
pressure on the aggressiveness in the pathogen (Leonard, 1969a; Wolfe, 
1984).

Due to the apparent exclusive occurrence of race-specificity
in the cultivars and FI P^ants (Section I and Section III) for both 
qualitative and quantitative t r a i t s  of resistance in this system, the 
search for apparent non-specific resistance is not just ified.  Indeed, 
the validity of the proposing the existence of such a resistance, 
particularly to a biotroph like M_. medusae, appears doubtful because of 
the apparent dynamism in the evolution of the pathogen which is evident 
from serial culture studies (Chapter 7, 8 and 12).

Cultivar mixtures have been suggested as a strategy to manage 
diseases in crops since long time (Tozett, 1767), including poplars 
(Hartley, 1939). Many recent studies in other systems have outlined the 
importance of such an approach (Browning and Frey, 1969; Leonard, 1969; 
Heather and Chandrashekar, 1982; Wolfe et_ _al_, 1983). Further, the 
monoculture of cv. 1-214 which comprised about 65% of the entire poplar 
culture in Italy, resulted in serious epidemic of Marsonnia brunea (Ell, 
and Ev.) P. Magn. (Thielges, 1984), suggesting the need for alternative 
strategies.  Although the present results are based on studies conducted 
in an ar t i f ic ial  experimental environment, they suggest refinements of 
the cultivar mixture system proposed by Heather and Chandrashekar 
(1982).
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A large number of cu l t iva rs  with broad and diverse backgrounds 

should be obtained i n i t i a l l y  from a germplasm co l lec t ion ,  hybr idizat ion 
and or select ion.  In a f i e l d  nursery establ ished from these cu l t iva rs ,  
i n i t i a l  selection fo r  s i l v i e  characters such as straightness of the 
stem, small branch diameter, f l a t  branch angles, rapid growth rate, and 
wood characters such as basic density, f ib re  length could be
conducted. From th is  co l lec t ion ,  certain cu l t iva rs  towards which 
virulence does not arise readi ly, or even i f  i t  occurs, the par t icu la r  
pathogen biotype lacks competi tive f i tness in the absence of a spec i f ic  
c u l t i v a r ( s ) ,  should be selected (e.g. cvs 40-2 and 10-3; Chapter 5 and 
8) . Further, by ser ia l cul ture studies, groups of cu l t iva rs  which 
favour disassoci ation of virulence and aggressiveness could be
recognised (e.g. cvs. 7-2 and 7-4 in Chapter 5; cvs. 1-488 and T-173 in
Chapter 8). Ideal ly , such cu l t iva rs  should carry major resistance genes 
embedded in a 's low-rust ing ' background. Obviously, amongst many such 
c u l t i v a rs ,  with varying degrees of quan t i ta t ive  resistance ( fo r  numerous 
t r a i t s ) ,  with d i f fe r in g  s p e c i f i c i t y  to many races, i t  may be d i f f i c u l t  
l o g i s t i c a l l y  to select a few ' e l i t e '  cu l t iva rs  suitable for  
deployment. Pattern analysis, such as those suggested by Rees et al 
(1979) and Thompson and Rees (1979), would be helpful in the selection 
of such cu l t iva rs  w i th in  the germplasm and segregating population. I f  
fo r  management and s i l v i c u l t u r a l  reasons, monoclonal plantings are 
desired for  deployment on l im i ted areas, then those cu l t iva rs  which do 
not support d i rect ional  selection of the f i tness  in the pathogen (e.g. 
40-2 and 10-3) may be suitable.  S imilary , the s t a b i l i t y  analysis
approach suggested by Jenns _et_ aj_ (1982) may enable select ion of 

cu l t iva rs  which are least in te rac t ive  with the changes in pathogen
genotypes.

Deployment of mixtures, or mosaics, must also consider

ecologica l,  management, qu a l i ty ,  un i fo rm ity ,  cost-benef i t  and

operational factors . For example, fu r the r  epidemiological factors (e.g. 

urediniospore dispersion) need to be considered to determine the number 
of clones in the mixture or the size of monoclonal group in the mosaic 
p lanting. Further, i t  may be necessary to tes t  the c u l t i v a r  mixtures at 
d i f fe ren t  geographic locations. Monitoring of pathogen populations at 
random selected s i tes ,  to detect changes in frequencies and



208

aggressiveness on ind iv idual cu l t iva rs  may be necessary in the i n i t i a l  
stages. While Darwinian selection may favour ind iv iduals  with a high 

degree of aggressiveness on each host, group select ion may operate to 
reduce the f l e x i b i l i t y  of the races, in the mixed clonal plantings 
(P a r le v l ie t ,  1983a). I f  the host populations consist of mixture of 
cu l t iva rs  which support d isruptive select ion and ensure negative 

association of virulence spectrum and aggressiveness, then the pathogen 
population could be expected to remain at moderate levels . Also, due to 
the observed antagonism between the v i ru len t  and av iru lent  races in 
mixtures on susceptible cu l t i v a r  (Chapter 8), coupled with the phenomena 

of induced resistance on resis tant cu l t iva rs  (Chapter 11), polymorphism 
in the host, which brings about polymorphism in the pathogen, should 
resu l t  in lower levels of disease in heterogeneous host populations. 
Such complex in te ract ions of the host, pathogen and the environment may 

confer s t a b i l i t y  of resistance to the system.

1 5 .7  CONCLUSIONS

The resul ts obtained in the present invest igat ions are presented 
concisely at the end of each chapter and in the Abstract at the 
beginning of the thesis. The major experimental resul ts summarised 
below, broadly f u l f i l l e d  the major objectives of the present
investigations (section 1.8; Chapter 1).

1. In M_. medusae, natural mutation to virulence towards P_. 

del to i  des cv. T-173 and cer tain other cu l t iva rs  is frequent, 
and could also be induced by gamma i r ra d ia t io n .  Such a 
phenomenon is typica l of major gene-for-gene re lat ionship 
frequently observed between hosts and plant pathogens.

2. The v i ru len t  mutants exh ib i t  a wider virulence spectra compared 
to the wild types on a range of host c u l t iva rs ,  although on a 
certain c u l t i v a r ,  (_P. del to i  des cv. 7-2), they exh ib i t  loss of 

viru lence. These changes could be best explained by the 
a c t i v i t y  of regulatory genes. The trend of such changes in 

i r rad ia ted and natural mutants were largely s im i la r .
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3. On the c u l t i v a r s  s tud ied ,  the increased v i ru le n c e  spectrum was 

u sua l l y  assoc ia ted w i th  changes in aggressiveness in the 

pathogen, and on c e r ta in  c u l t i v a r s ,  p a r t i c u l a r l y  ' u n iv e rs a l  

suscep ts ' ,  the assoc ia t ion  was negat ive .

4. With s e r ia l  c u l t u r e ,  some c u l t i v a r s  exer t  p o s i t i v e  s e le c t io n  

pressure on the pathogen towards increased aggressiveness over 

generat ions  of  s e r ia l  c u l t u r e .  Such increased aggressiveness, 

f o r  some t r a i t s  o f  disease s e v e r i t y ,  was h igher  on a c u l t i v a r  

when the base popu la t ion  of  the pathogen was i r r a d i a t e d ,  and 

thus the v a r i a b i l i t y  f o r  aggressiveness in the pathogen may 

have a muta t iona l  bas is .

5. When v i r u l e n t  races were c u l tu red  separa te ly  on a suscep t ib le

(_P_. x euramericana cv. 1-488) and a r e s i s t a n t  c u l t i v a r  (JP. 

del t o i  des cv. T-173) f o r  e leven genera t ions,  a l though both 

c u l t i v a r s  exerted  some p o s i t i v e  s e le c t io n  on the races towards 

increased aggressiveness f o r  some t r a i t s  on t h e i r  c u l t i v a r  of  

s e r ia l  c u l t u r e ,  a negat ive s e le c t io n  or decreasing 

aggressiveness f o r  some t r a i t s  on 'o t h e r '  c u l t i v a r  was

ev iden t .  Such d i s a s s o c ia t i o n  of  aggressiveness trends in races 

on some c u l t i v a r s  may have p o te n t ia l  in disease con t ro l  by 

using mix tures or  mosaics of  c u l t i v a r s .

6. In a p a r t i c u l a r  m ix ture  of  races, the a v i r u l e n t  race was 

observed to  be a s l i g h t l y  b e t t e r  compet i to r  on a suscep t ib le  

c u l t i v a r  than the v i r u l e n t  race. Poss ib ly ,  f o r  a v i r u l e n t  

mutant to  be e p id e m io lo g ic a l l y  successful  in the absence o f  the 

cor responding r e s i s t a n t  host ,  i t  should a r ise  in a super- 

aggressive b io typ e ,  w i th  m a rg ina l ly  h igher  aggressiveness than 

the mean of  the a v i r u l e n t  pop u la t ion .  However, an a n ta g o n is t i c  

i n t e r a c t i o n  between the two races occurred in  the race m ix tu re  

on suscep t ib le  c u l t i v a r .  This emphasises the d e s i r a b i l i t y  of  

promot ing polymorphism in  the pathogen popu la t ions .
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7. Increasing temperature and l i g h t  in te n s i t ie s  of incubation over
discrete generations of ser ial cu l tu re on a c u l t i v a r ,  exerted 
pos i t ive select ion pressure on the pathogen, wherein isolates 
suited to speci f ic  environmental regimes are selected. In
nature, because of heterogeneity of the physical environment 
over time and space, such p la s t i c i t y  and s p e c i f i c i t y  in the

pathogen may lead to polymorphism in the form of environmental 
races.

8. Using a temperatu re-sensi t i  ve race of the pathogen and
reciprocal t ransfer  of inoculated leaf disks across pemissive 
and non-permis s ive temperatu res, recognit ion of incompat ib i l i ty  
appeared to be an active and more rapidly induced phenomenon 
which occurred w i th in  15 h of inocula t ion,  while compatib i l i ty  

required _c. four days. Further, such incompatabi1i t y  was 
ep is ta t ic  to potential  com pat ib i l i ty  to a temperature-non
sensi t ive race, and hence such induced resistance may have an 
epidemiological ro le.

9. Simple inheritance of q u a l i ta t ive  resistance was observed in 

the FI Pro9enY ° f  a cross of _P. del to i  des cu l t iva rs ,  when 
tested fo r  reaction to f ive  races of the pathogen. Resistance 
appeared to be inheri ted as dominant (3 races), recessive (1 
race) or additive/codominant (1 race), and possibly control led 
by a single gene or two genes acting in a complementary manner 
depending on the race employed. Race s p e c i f i c i t y  was apparent 
in the progeny, and the overal l  results are consistent with the 
gene-for-gene re lat ionship between the host and pathogen.

10. When two races each v i ru len t  on both parents in a cross were 
employed, the quant i ta t ive components of resistance ( f ive  
t r a i t s )  in the progeny (those referred to in 9 above), were 
largely race-speci f ic  and polygenical ly  inheri ted. However, 
numerous transgressive segregants were observed ind ica t ing the 

scope fo r  selection of higher resistance. In most t r a i t s ,  the 
higher resistance was usual ly recessive to lower resistance, 
although presence of addi t ive in te rac t ion  was evident. The
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high negative corre la t ion between latent period and other 
t r a i t s  of disease severi ty observed in the progeny, may permit 
e f f i c ie n t  select ion of slow rust ing cu l t iva rs .

1 5 .8  SUGGESTED AREAS FOR FUTURE RESEARCH

In the discussion of some the foregoing studies, certain areas 

suitable fo r  fu r the r  investigation have been mentioned. The 
d e s i ra b i l i t y  fo r  fu r the r  studies in the the breeding and deployment 
of cu l t iva rs  was discussed in e a r l ie r  sections of th is  chapter. The 
fo l lowing aspects may be suitable also for  fu r the r  research on 
genetic and other related aspects of th is  pathosystem.

1. ISOLATION OF GENE PRODUCTS CONCERNED WITH AVIRULENCE IN THE 
PATHOGEN

The isol ines of the pathogen d i f fe r in g  in vi rulence, obtained by 
mutational approach, may be suitable also for comparative analysis 
fo r  enzyme and protein d if ferences, fo r  possible iso la t ion  and 
understanding of gene products involved in avirulence (or 
v i ru lence) . Prel iminary work has shown that large dif ferences in
isoenzymes ex is t between v i ru len t  mutants and av iru lent  wi ld types of 
ML medusae (Appendix 5). Further work may provide useful information 

in th is  area.

2. ANALYSIS OF RESISTANCE MECHANISIMS IN THE HOST

The cv. W-79/307 and race 4C (Chapter 11), becuase of the observed 
temperature s e n s i t i v i t y  of incom pa t ib i l i ty ,  is an useful system fo r  
studies on physiological and biochemical aspects of resistance 
mechanisms, as compat ib i l i ty  and incompat ib i l i ty  can be observed in 
the same system by environmental manipulation, i . e .  without a f fec t ing  
the genotypes of the organisms.
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3. INDUCED MUTATION TO AVIRULENCE

The l ea f  r ep l i ca  t echnique  (Appendix 3) i s  s u i t a b l e  fo r  i s o l a t i o n  of 
a v i r u l e n t  b io types .  The r a d i a t i on  induced and natura l  v i r u l e n t  

mutants could be sub jec t ed  to f u r t h e r  mutagenesis and the occurrence 

of pos s i b l e  r ever se -muta t ion  in t hese  races  towards av i ru l ence  on cv.  
T-173,  could be t e s t e d .  I s o l a t i o n  of such reverse-mutants  would be 
s u i t a b l e  for  f u r t h e r  comparat ive s t u d i e s ,  with the  wi ld type and
v i r u l e n t  mutants ,  f o r  v i ru l ence  spectrum and aggress iveness  and for  
p r o t e i n  composi t ion.  Addi t i ona l ly  t h i s  would enable f u r t h e r  
examinat ion of the a s s oc i a t i on  of the v i ru l ence  spectrum and

aggress iveness  (Chapter  6) and of p os s i b l e  l inkage of some v i ru l ence

loci  (Chapter  5) .  A l imi t ed  study in t hese  l i ne s  was at tempted by 

the  author ,  but rever se  mutat ion f o r  av i ru l ence  in race 5M2 was not 
induced,  poss ibly  because of the smal l e r  number of u red i n i a  t e s t e d .

4. HOST SELECTION PRESSURE ON AGGRESSIVENESS IN THE FIELD SITUATION

At i n t e r v a l s  during a polycyc l i c  epidemic,  i s o l a t e s  of M_. medusae
could be c o l l ec t ed  from various geographica l ly  i s o l a t ed  clones of 
poplar  and t h e i r  aggress iveness  assessed on c u l t i v a r s  in the 
l abo r a to r y .  This study may i n d i c a t e  the  p o s s i b i l e  occurrence of 
s p e c i f i c i t y  of the i s o l a t e s  towards t h e i r  'own' c u l t i v a r s .  I f  such 
adapta t ion  does occur  in the  f i e l d ,  i t  would be expected t h a t  

i s o l a t e s  c o l l e c t e d  a t  the end, r a t h e r  than the beginning,  of the 
epidemic would be r e l a t i v e l y  more aggress ive  on the  r e s pec t i ve  
c u l t i v a r s .

5. ENVIRONMENTAL POLYMORPHISM IN_M. MEDUSAE

I s o l a t e s  of M_. medusae could be c o l l e c t e d  from d i f f e r e n t  d i s c r e t e  
environmental  h a b i t a t s  in the poplar  growing regions of A u s t r a l i a ,  a t  
d i f f e r e n t  t imes dur ing the  i n f e c t i o u s  season,  and compared for  t h e i r  
t emperature  and l i g h t  i n t e n s i t y  preferences  in terms of 
aggress iveness  on t h e i r  r e spec t i ve  c u l t i v a r s .  Such a study may 
d e t ec t  the environmental  s p e c i f i c i t y  of the i s o l a t e s  and polymorphism 

fo r  such t r a i t s .



213

6. IMPACT OF CULTIVAR MIXTURES ON THE VIRULENCE SPECTRUM AND 
AGGRESSIVENESS OF THE PATHOGEN

Different  mixtures of cul t ivars  (Chapter 15), consist ing of cul t ivars  
supporting (a) posi t ive or, (b) . negative associat ion of
aggressiveness trends in the pathogen could be planted in the f i e ld  
nursery, and the pathogen could be periodical ly isolated from these 
mixtures.  Testing of such isolates for virulence spectrum and
aggressiveness on a standard group of cu l t ivars ,  would provide 
information on, 1) the possible operations of uni lateral  selection 
for aggressiveness trends in the former group of cul t ivars  (group 
' a ' ) ,  2) Do those cul t ivars (group 1 b1), which together favour
disassociat ion of aggressiveness trends in the laboratory s tudies ,  
support such trends in the f ield? Further,  monitoring disease levels 
in the f ield may provide information on the s t ab i l i t y  disease 
resistance in two groups of cul t ivar  mixtures over time.
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I f  I  were to await perfection 
I  would never fin ish th is book 

-  An old Chinese proverb
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APPENDIX 1

GLOSSARY OF SOME TERMS USED IN THE THESIS

The fo l lowing glossary is not intended to define the terms but 
provides the context in which these terms have been used in the thesis , 
along with a b r ie f  descript ion of them. This was considered necessary 
because of the c o n f l i c t  in the usage of certain terms in the 
l i t e ra tu r e .  Here, iso la te  and c u l t i v a r  re fer  to the pathogen and host, 
respectively.

AGGRESSIVENESS - The quant i ta t ive  measure of certain t r a i t s  of disease 
timing and severi ty induced by an iso la te  on a pa r t icu la r  
c u l t i v a r ( s ) ,  and does not imply absence of s p e c i f i c i t y .

AVIRULENCE - The i n a b i l i t y  of an iso la te  to in fect  and reproduce on a 
speci f ic  host c u l t i v a r .

COMPATIBILITY - The association of an iso la te  and a c u l t i v a r  which 
resul ts  in a susceptible disease reaction.

COMPETITIVE ABILITY - The capacity of an iso la te  to survive and maintain 
or increase i t s  proport ion in a heterogeneous mixture with other 
isolates on compatible c u l t i v a r ( s ) .

DIFFERENTIAL CULTIVARS - A group of cu l t iva rs  on which the isolates 
exh ib i t  d i f fe r in g  virulence reactions, and thus can be recognised as 
d is t in c t  races.

DIRECTIONAL SELECTION - Selection operative at one end of the scale 
which would resul t  u l t imate ly  in changes in the iso late composition 
of a population towards the extreme mean.
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DISRUPTIVE SELECTION - Operates in diverging ways, and thus no single 
isolate phenotype would be the f i t t e s t  to survive, mainly due to the 
heterogeneity of the biological and physical environment; usually 
results in polymorphism where many phenotypes would be f i t  to exist.

INCOMPATIBILITY - The interaction of an avirulent isolate and a 
resistant cult ivar, within the framework of compatible host-pathogen 
species, resulting in the lack of visible symptoms of, or less 
pronounced, disease reaction.

MONOCYCLE - The period (days) from inoculation of the urediniospores of 
an isolate on a compatible cult ivar,  unti l  the cessation of the 
resulting sporulation. Due to the d i f f i c u l t y  of precise assessment 
of cessation of sporulation, the monocycle was considered complete 
when at least 80% of the uredinia appear f lu f fy  and start to 
disintegrate. Usually, by this time the disease progress curve in 
terms of ULD and USM would have reached a plateau.

QUALITATIVE RESISTANCE - A discrete and complete resistant reaction 
(e.g. hypersensitivity, necrosis etc.) of the cult ivar in contrast 
to quantitative resistance.

QUANTITATIVE RESISTANCE - When the cult ivar and isolate are compatible, 
the disease intensity measured in terms of latent period, uredinial 
number, sporulation, disease progress etc. is low relative to that 
occurring in other cult ivar/ iso l ate complexes.

RADIOSENSITIVITY - The measure of susceptibi l i ty of an organism to 
increasing levels of ionised radiation.

REGULATORY GENES - Those genes that influence the timing, and/or extent 
of act iv i ty ,  of other structural or producer genes. Supressor or 
inhibitory genes are considered regulatory genes, but affect the 
nature, rather than degree, of expression.

RESISTANCE - The ab i l i ty  of a host cult ivar to prevent, or reduce, the 
level of the disease development and reproduction of an isolate.
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SLOW-RUSTING - Results in higher, quantitative type resistance in a 
cult ivar;  especially characterised by a longer latent period with a 
consequent increase in the length of a monocycle.

SPECIFICITY - Qualitative race specif ic ity occurs when certain races of 
the pathogen are virulent on some, but not on other cult ivars. 
Quantitative specif ic ity occurs when the relative level of disease 
induced by virulent isolates varies with the cult ivar employed. 
Environmental specif ic i ty  occurs when, within the cardinal l imits on 
a specific cult ivar, some isolates are more aggressive in certain 
environments of incubation than at others.

VIRULENCE - The ab i l i ty  of an isolate to successfully infect and 
reproduce on a specific cult ivar.

VIRULENCE SPECTRUM - The number of cult ivars, within a set of 
d i f ferentia ls ,  on which an isolate is virulent. This may be broad 
(numerous cult ivars) or narrow (few cult ivars).

WILD TYPE - The phenotype usually found in nature and thus isolated from 
the f ie ld ;  contrasts with the mutant type which is derived in the 
laboratory from the wild type.
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THE GENUS POPULUS AND HISTORY OF CULTIVARS USED IN  THE STUDY

The genus Populus is  d iv ided  i n t o  f i v e  sect ions v i z . ,

Sect ion Common Name Important Species

Leuce White pop la r a lba ,  t remula ,  
t rem u lo ides ,  grandidenta

A ige i ro s Black pop la r  
Cottonwood

n ig ra ,  d e l to id e s ,  
x euramericana

Tacamahaca Balsam pop la r t r i c h o c a rp a ,  yunnanensis 
s imoni i

Leuco ides Swamp cottonwood h e te ro p h y l la ,  c i l i a t a

Turanga - euphrat ica

Species w i t h in  a sec t ion  in te rb re e d ,  and those between c e r ta in  sect ions 

(e .g .  A ige i ros  and Tacamahaca) are compat ib le also (F ig .  A2.1) .  The 

species between those sect ions th a t  are normal ly  incompat ib le  (e .g .  

A ige r io s  and Leuce; F ig .  A2 .1 ) ,  can be rendered compat ib le by i r r a d i a t e d  

or  mentor po l len  technique (Knox _et_ _al_, 1972; Pryor and W i l l i n g ,

1982).

A I G E I R O S

LEUCET U R A N G A

T A C A M A H A C AL E U C O I D E S

F ig .  A2.1 The f i v e  sect ions o f  genus Populus , and t h e i r  c o m p a t i b i l i t y  

(Reproduced from Pryor and W i l l i n g ,  1982).
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The hybrid poplars derived from P_. del to i  des and P_. ni g ra , are known 

c o l l e c t i v e l y  as _P. x euramericana. In the fo l low ing  l i s t  of c u l t i v a r s  

(Table A2.1),  the f i r s t  two numbers of ce r ta in  c u l t i v a r s  (e.g. 60 and 

79) re fe r  to the year of se lec t ion  or o r ig i n .  The cvs 7-2 and 7-4 are 

h a l f - s ib s  and cvs W-79/304, W-79/306 and W-79/307 are f u l l - s i b s .

C u l t i v a r / s  Type Parentage or 
Provenance

Sex Remarks

P. de lto ides
T-173 selected seedl ing College S ta t ion Male selected in

Texas Tumut, NSW
10-3 selected seedl ing Barton Rouge, Female selected in

Louisi ana Kempsey, NSW
40-2 selected seedl ing Rosedale, Male .selected in

M iss iss ipp i Kempsey, NSW
7-2 & 7-4 selected seedl ing Barton Rouge Female selected in

Louisi  ana Kempsey, NSW
Vi-79/304, unknown
W-79/306 & Manipulated cvs 61/58 unknown
W-79/307 hybri ds X T-173 unknown

60/103 selected seedl ing Texas Male
60/122 selected seedl ing Texas Female
60/160 selected seedl ing Stonevi1le Female Drought

M iss iss ipp i re s is ta n t
60/154 selected seedl ing S to n e v i l le ,  MS Female
60/166 selected seedl ing S to n e v i l ie ,  MS Female
82-PH-l Manipulated cvs. 60/122 unknown selected in

hybri d X T-173 A.C.T.

P. x euramericana
1-154 Manipulated P. nigra ? Selected in

hybrid X P . „de l to ides _____ I t a l y
1-214 Spontaneous P. nigra Female Selected in

hybrid X P. de lto ides I t a l y
1-488 Manipulated P. nigra ? Selected in

hybrid X P. de lto ides I t a l y
65/70 Manipulated cv. 60/164 X Female Selected in

hybrid P. nigra cv. Chi le A.C.T.
P. alba
Hickel iana Introduced clone North A f r ica Male Semi -
Evergreen
P. nigra
I t a l i c a Introduced clone I t a l y Male Lombardy

poplar
P. simoni i Introduced clone Chi na Mai e



APPENDIX 3

A LEAF REPLICA TECHNIQUE TO ISOLATE 

AVIRULENT BIOTYPES IN LEAF RUSTS

In studies of host/fungal-pathogen interactions, avirulent 
biotypes are of value in identi f ication of resistance genes in the host 
(Ellingboe, 1978), in investigations on pathogenesis and incompatibili ty 
phenomena (Day, 1974), in the production of quadratic checks (Rowell et_ 
al , 1963), in epidemiology (Leonard, 1977) and in cross protection using 
induced resistance (Johnson & Allen, 1975). While virulent mutants are 
readily isolated from rust populations, avirulent biotypes have not been 
selectively isolated due to a lack of suitable techniques (Day, 1974).

Race 4A, a mono-urediniospore derived culture of M. medusae, 
though in i t i a l l y  avirulent on _P. del toi des cv. T-173, later developed 
spontaneous mutants virulent on this cult ivar (Chapter 4). Thus a 
technique, a modification of the replica plating procedure of Lederberg 
& Lederberg (1952), was developed to indirectly select from a mixture, 
biotypes of race 4A virulent and avirulent on cv. T-173. Avirulence 
here refers to the incompatibili ty of a biotype of a pathogen on a 
specific host cult ivar. The technique was used also to isolate, from 
within a single race, temperature sensitive biotypes of this pathogen.

The culture of race 4A, comprising a mixture of biotypes 
avirulent and virulent on cv. T-173, was multipl ied on detached leaves 
of _P. x euramericana cv. 1-488, a universal suscept, to produce fresh 
urediniospores which were subsequently dried over s i l ica gel (24 h) and 
p205 (24 h). Leaf disks (1.7 cm2) were punched from surface steri l ised 
leaves of cv. 1-488, grown in a rust-free glass house (20+3° c, 15  ̂
photoperiod), and those containing major veins were eliminated. The 
freshly dried spores (1-2 mg) were deposited on 50 leaf disks and 10 
coverglasses in a spore sett l ing tower (section 2.4.2; Chapter 2). 
Drying of the echinulate spores reduces clumping while shielding the
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leaf disks and coverglasses with the s l id ing  l i d  of the tower (Figure 

2.1),  fo r  the i n i t i a l  10 sec a f te r  the release of spores, allows 
deposition of any clumps on th is  cover and ensures that only single 
spores f a l l  on the disks. This was confirmed by examination of the 
coverglasses.

Inoculated leaf disks were placed on p las t ic  foam, soaked in 
g ib be re l l ic  acid solut ion (10 mg/L), located in glass Petri  dishes and 
incubated in growth chambers at 'standard environment'. Due to the low 
level of inoculum used, only 5-10 uredinia developed on each leaf 

disk. Twenty f ive  disks, each bearing 4-5 uredinia which were well 
separated from each other, were selected a f te r  13 days of incubation 
[Generation I (Gen I ) ]  when the uredinia were compact but commencing to 
release the spores.

Freshly punched leaf disks of the resistant c u l t i v a r  (T-173) 
were evenly and gently pressed on each Gen I disk of cv. 1-488, the leaf 
disk pair being held between two rubber stoppers, thus obtaining a l i g h t  
impr int of the spores from the uredinia. These imprinted disks (Gen I I )  
were numbered 1-25 and located in a regular pattern on p las t ic  foam 
soaked in g ibbe re l l ic  acid solut ion in a Petri  dish with the po la r i ty  of 
each disk marked by snipping the top edge (Fig. A3.1). A s im i la r  
repl ica inoculat ion was made from the disks of cv. 1-488 (Gen I )  on to 
fresh leaf disks of cv. 1-488 (Gen I I )  which were also located in a 
regular pattern in a Petri  dish. The Petr i  dishes bearing 1-488 disks 
(Gen I) were stored at 0° whi le the Gen I I  disks were incubated as 
described previously. The Gen I I  disks of 1-488 permit a check of the 
v i a b i l i t y  of the spores of the Gen I uredinia and allow iso la t ion  of the 
biotypes v i ru len t  or av i ru len t  on cv. T-173.

Typical disks of cv. 1-488 (Gen I)  and of cvs T-173 and 1-488 

(Gen I I ) ,  fo l lowing the development of uredinia on the l a t t e r ,  are shown 
in Fig. A3.1. Every uredinium of the disk of Gen I (cv. 1-488) is 
repl icated on that of cv. 1-488 (Gen I I )  as a c luste r  of uredinia in a 
mir ror  image, however a l l  these uredinia are not reproduced on disks of 
cv. T-173 (Gen I I )  suggesting that those which are misssing are 
av iru lent on cv. T-173 (Uredinia 2 and 4 in Fig. A3.1). This avirulence 
was confirmed by producing mono-uredinial isolates from the
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Figure A3.1 The le a f  d isk of  suscep t ib le  cv. 1-488 (Gen I )  and the 

corresponding re p l i c a  inocu la ted  I I  Gen le a f  d isks of  cvs I -  

488 and T-173 ( r e s i s t a n t ) .  A l l  the u red in ia  of  cv.  1-488 

(Gen I )  are reproduced on cv. 1-488 (Gen I I )  as a m i r r o r  

image. On the disk of  cv. T-173, missing u re d in ia  nos. 2 

and 4 would be a v i r u le n t  on t h i s  c u l t i v a r  and can be 

i s o la te d  from cv.  1-488 (Gen I I ) .



corresponding uredinia on cv. 1-488 (Gen I I )  and re-inoculating disks of 
cv. T-173. The avirulent race isolated from this procedure is referred 
to as race 4B in the thesis. Similarly virulence of the isolates 
developing on disks of cv. T-173 (Gen I I )  was confirmed by re
inoculating disks of this cult ivar (Isolates 4M1 and 4M2).

The technique was employed also to isolate temperature 
sensitive isolates of M. medusae from Race 4A which are virulent on _P. 
del toi des cv. W-79/307 at 16° but avirulent at 26°. After several 
cycles of serial culturing at temperatures of 17, 20, 23 and 26°, a few 
uredinia developed at 26° (Chapter 10). Replica inoculations were made 
from the uredinia of this race on disks of this cult ivar and one set was 
incubated at at 16° and another at 26°. Certain uredinia.1 pustules
which appeared at 16° did not appear at 26°, and thus could be 
recognised as characteristic of the original race 4A avirulent at the 
higher temperature. The isolate obtained from this procedure was 
referred to as race 4C.

SUMMARY

A technique to isolate avirulent isolates of leaf rusts from a mixture 
of virulent and avirulent isolates, employing a leaf replica method is 
described. The technique was also found useful in isolating 
temperature-sensitive isolates of the leaf rust.



APPENDIX 4

REVIEW OF LITERATURE ON GENETIC BASIS OF VARIABILITY 
FOR VIRULENCE SPECTRUM AND AGGRESSIVENESS IN FUNGI

Natural select ion favours ind iv iduals  and populations that acquire 
t r a i t s  conducive to survival and reproduct ion. The generation of 

b io logical  va r ia t ion ,  which gives r ise to new and po ten t ia l ly  
advantageous combinations of genetic t r a i t s ,  is therefore, a central 
requirement fo r  the successful evolut ion of a l l  organisms in diverse and 
changing environments. Fungi are probably unique amongst eukaryotes in 
the var ie ty  of mechanisms by which they generate v a r ia b i l i t y  and 
maintain polymorphism. The basis of such v a r ia b i l i t y  has been reviewed 
by by many authors, including Day (1974), Webster (1974), Burnett 
(1975), Fincham et al (1979) and Caten (1982).

A4.1 SOURCE OF VARIATION IN FUNGI

A4.1.1 MUTATION : Mutation is the basic step in creation of genetic 

v a r ia b i l i t y  and is a sudden heri tab le change, which pr imar i ly  involves 
changes in the nucleotide sequence. This assumption that mutation 
provides the fundamental basis underlying most of the observed var ia t ion 
in fungi is va l id  regardless of the rate with which mutations occur or 
the characters that are affected (Webster, 1974). Mutation af fect ing 
many t r a i t s  have been demonstrated in rust fungi (Day, 1968 and 1974), 
while natural mutation from avirulence to virulence has been observed in 
many rusts (F lor ,  1958; Watson, 1957; Samborski, 1963; Zimmer et a l , 
1963; Bartos et a l , 1969; Pryor, 1977; Lev i t in  and Mikhi lova, 1981).

Such spontaneous mutants usual ly occur at low frequencies, and 
the natural mutation rate fo r  virulence has been estimated to be around 
1 x 1 0 - 8  to 1 x 10-3 per locus (Leyerstram, 1972; Day, 1978; Par lev l ie t  
and Zadoks, 1977). The size of fungal population ensures that mutant 

a l le les  arise continously and i t  is estimated that 104 to 1013 v i ru len t
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uredinia/conid ia may appear every day per locus in a hectare of cereal 
crop infested with rust or powdery mildew (Day, 1978; Caten, 1982); th is  

estimate has been suggested to be conservative (Person et_ _al_, 1976). 
Further, the observed mutation rates are affected by dominance or 

recessiveness of the vi rulence, homozygosity or heterygosity of the 
diakaryon when the virulence is recessive, and the penetrance and 
express iv i ty  of the mutant a l le le .

The frequency of any given a l le le  fo r  virulence in a pathogen 
population is a function of the mutation rate that gives r ise to the 
a l le le  and the e f fec t  of the a l le le  on the survival of the pathogen 
carrying i t  (Day, 1978). Mutation from avirulence to virulence can 
occur only on susceptible hosts, and the new virulence a l l e le  may 
apparently not be ‘ necessary* fo r  the sur iv iva l  of the pathogen on that 
host. However, i f  the new virulence a l le le  confers f i tness to the 
ind iv idua l ,  because of the high asexual m u l t ip l ica t ion  rates of many 
rust fungi,  an i n i t i a l l y  rare a l le le  can, under select ion,  increase in 
number and frequency very rapidly and may approach a frequency of 1.0. 
In contrast, i f  the a l le le  reduces i t s  f i tness due to the possible 
genetic load associated with such mutation of the avirulence a l l e le ,  i t s  
frequency w i l l  be close to the mutation rate (Day, 1978) and would 
usual ly go undetected. I f  the frequency of the resistant genotypes i t  
can match is high and and i f  such genotypes exerts posit ive select ion 
towards the new mutant, then i t s  frequency would obviously increase.

Detai led annual virulence surveys of Puccini a graminis f .  sp. 
t r i t i c i  have shown many instances of single gene changes that  were 
undoubtedly (McIntosh and Watson, 1982) the result  of mutation. Simi lar 
observations were made by Green (1975) on' the same pathogen in Candada 
fo r  race 15B-1L group. While in some pathogens, some avirulence loci 
are known to be re la t i v le y  unstable (F lo r ,1958, 1960; Watson, 1953; 
Day, 1974; Luig, 1978a), cer tain avirulence loci against some host genes 

have been postulated as re la t i v e ly  stable, since no natural mutants fo r  
virulence were observed nor could they be induced by chemical mutagen 

treatment of av i ru len t  populations (e.g. Luig, 1978a).
Although mutations fo r  a qua l i ta t ive  t r a i t  l i k e  virulence have 

been frequently recorded, precise studies on possible mutations 
af fec t ing  minor genes (genes with smaller ef fects) determining 
quant i ta t ive  t r a i t s  l i ke  aggressiveness are lacking. Variat ion fo r
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quant i ta t ive  t r a i t s  is f a i r l y  well understood in certain fungi e.g. 
PenciI l ium, Sacchar omyces e tc . ,  and has been exploited to increase 

product iv i ty  in industr ia l  processes (Burnett,  1975). Differences in 
the aggressiveness t r a i t s ,  including la tent period, sporulat ion and 
in fec t ion  ef f ic iency  have been observed also among f ie ld  isolates of 
plant pathogens (C l i f fo rd  and C lo th ie r ,  1974; Johnson and Taylor, 1976; 
P a r le v l ie t ,  1977, 1983a; H i l l  and Nelson, 1982; Heather and
Chandrashekar, 1982), and are considered to have high h e r i t a b i l i t y  (H i l l  
and Nelson, 1981, Oard and Simons, 1983). I t  would be reasonable to 
assume that such dif ferences would have a large genetic basis (Emara and 
Sidhu, 1974; Leonard, 1975). Although James and Fry (1983), detected 
changes in the aggressiveness of Phytopthora infestans a f te r  treatment 
with a chemical mutagen (NTG), d i rect ional  selection fo r  aggressiveness 
in stra ins by potato c u l t i v a r  was not observed. Watson (1970) found 

that aggressiveness can be changed in some races of Puccini a graminis 
t r i t i c i  by treatment with Ethyl Methane Sulphonate (EMS).

Although a few other (saprophytic) fungi have been observed to 
lose th e i r  virulence during a r t i f i c i a l  cu l tu r ing  (Day, 1974), studies on 
mutation to avirulence from a virulence a l l e le ,  natural or induced, in 
rust fungi are inconclusive. Avirulent genotypes would be important fo r  
genetic and epidemiological studies (Day, 1974), and id e n t i f i c a t io n  of 
such av iru lent  biotypes in an v i ru len t  population can be made employing 
sui table techniques (Appendix 3).

G r i f f i t h s  and Carr (1961) reported that some v i ru len t  mutants 
of Puccini a coronata f .  sp. avenae induced by UV rays, had lost th e i r  
virulence on another other cu l t iva r  whi le Luig (1978a) observed that 
certain v i ru len t  mutants of P_. graminis f . '  sp. t r i t i c i , upon subsequent 
treatment with a chemical mutagen (MNN), reverted back to avirulence. 
Green (1975) interpreted some changes in the race 15B-1L group of P_. 
grami ni s f .sp .  t r i  t i c i  in Canada, as mutation from virulence to 
avirulence.

A4.1.2 HETEROKARYOSIS : l ieterokaryosis is the coexistence of genet ica l ly  
d i f fe ren t  nuclei in cytoplasmic continui ty  (Webster, 1974) and may arise 
by a number of methods including mutation in a multinuclear tha l lus ,  
anastomoses, nuclear exchange between stra ins of closely related fungi 
or formation of mult inuclear spores (Webster, 1974). Heterokaryosis may
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be important in rusts due to the d ikaryot ic  nature of the 
urediniospores. However certain authors feel tha t ,  as knowledge of 
heterokaryons is derived largely from laboratory studies, and because of 
the paucity of the confirmed examples of heterokaryosis in nature, i t s  
natural sign if icance may be less than frequently assumed in the past 
(Caten, 1982).

A4.1.3 SEXUAL HYBRIDIZATION : Sexual hybrid izat ion is the major source 
of recombination in many rusts and thus the removal of alternate host 
populations contr ibutes to reduced v a r ia b i l i t y  and often to reduced 
disease (Browning, 1973) e.g. the removal of Berberis vulgaris L. in the 
cereal growing regions of USA. Isolates or populations of Puccinia 
graminis f .sp .  t r i t i c i  from geographic regions where the sexual stage 
occurs have been observed to be more diverse than those col lected from 

places where there is no sexual stage (Roelfs and Groth, 1980; Groth and 
Roelfs, 1982). However, Oard and Simons (1982), from a comparative 
study in laboratory of _P. coronata populations, concluded that sexual 
mechanism may not confer s ign i f ica n t  advantages in generating 
quant i ta t ive  v a r ia b i l i t y .  Lodge and Leonard (1934) suggested that 
asexual i ty may be advantageous in fungi because favourable gene 
complexes are not constantly broken by major recombinations, however, 
such a population would be at disadvantage when linkage di sequi 1ib r ia  
delay adaptation to complex new environments.

Although t y p ic a l ly  a heteroecious rust, the apparent absence 
in Austra l ia  of the aecial stage fo r  Mel ampsora spp. suggests that 
observed var ia t ion can be a t t r ibu ted  -almost en t i re ly  to asexual 
processes. However, the wide spread occurrence of Pinus radiata D. Don. 
(recorded as an al ternate host in the f i e l d  for  M_. medusae in New 
Zealand; Van Kraayenrood, 1974) does not exclude the p o s s ib i l i t y  of 

potential  contr ibu t ion of sexual hybrid izat ion to the v a r ia b i l i t y  in the 
gene pool in the f i  el d.

A4.1.4 SOMATIC HYBRIDIZATION : Rust fungi are known to undergo

recombination resu l t ing from hyphal fusions and nuclear exchange 
(Nelson, 1956) or from parasexual (m i to t ic )  processes, despite the 
absence of sexual recombination. In Puccinia f .sp .  graminis t r i t i c i ,
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Watson (1957) and Watson and Luig (1958) concluded that the m u l t i p l i c i t y  
of variants ar is ing from mixtures of urediniospores could resul t  only 
from somatic hybr id izat ion. Other rust pathogens where asexual 
var ia t ion has been establ ished include Melampsora 1 in i  (F lor , 1964), 
Puccini a s t r i i f o rm is  ( L i t t l e  and Manners, 1969) and P_. coronata (Bartos 
et_ jil_, 1969). I t  has also been shown that parasexual recombination in 
dikaryons of hetero tha l1ic basidiomycetes can occur through processes 
other than the parasexual cycle (Day, 1978, Frankel, 1979). At least 
one of these processess, meiotic l i k e  recombination, produces in te r -  and 

in ta -  chromosomal recombination at a frequency much higher than expected 
from the parasexual cycle (Frankel, 1979).

A 4 .1 .5  CYTOPLASMIC FACTORS : A wide spectrum of morphological,
physiological and biochemical variants have been ide n t i f ied  in fungi in 

which th e i r  genetic control can be a t t r ibu ted to extrachromosomal 
mutation or a c t i v i t y  of plasmagenes (Webster, 1974; Fincham et_ aj_, 

1979). Such var ia t ion  would be due to the presence of genetic systems 
in mitochondria and the occurence of stable, double-stranded RNA (ds 
RNA) molecules with independent genetic a c t i v i t y  (Caten, 1982). In an 
analysis of many rust species, G. 0. Lawrence and A. 0. Pryor (Pers. 
commun.) detected the presence of ds RNA in eighteen of the twenty 
species tested. The ds RNA has been found to be associated with
virulence in Endothia p a ra s i t i ca Fr. (Murr.) (F u l lb r ig h t ,  1984) and 
Rhizoctonia solani D.C. (Tavantzis and Bandy, 1984). Reports of 
extranuclear inheri tance of factors condit ioning aggressiveness or 
f i t tn e ss  in stra ins of _P. infestans (Denward, 1970), Puccinia anomala 

Pers. (d 'O l ivera ,  1940) and _P. graminis f .  sp. avenae (Green and 
McKenzie, 1967) suggest the importance of extrachromosomal var iants in 
adaptive changes of the pathogen.

A 4 .1 .6  TRANSPOSABLE ELEMENTS : Conventional ly, the genome of an organism 
has been considered a stable en t i ty  but th is  be l ie f  is questioned by the 
discovery in Maize (McClincktock, 1956) and subsequently, in other
organisms (Cohen and Shapiro, 1980), of mobile genetic elements which

are b i ts  of DNA that can move from place to place in an organsim genome
turning other genes on and o f f  (Federoff, 1984).
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Although the a c t i v i t y  of such transposable genetic elements 

(variously cal led jumping genes, control elements, insert ion sequences, 
Ac - Ds system e tc . )  has not been conclusively demonstrated in plant 
pathogenic fungi,  i t ' s  role has been implicated in a few systems. Luig 
(1978a) observed a high reversion rate from virulence to avirulence in a 
s t ra in  of _P. graminis f .sp .  t r i t i c i  a f te r  treatment of v i ru len t  mutants 

types corresponding to the Sr 12 gene in wheat, with N-methyl-N-ni troso- 
N1-n i t roguan id ine (MNN). From th is  and other observations l ike  
re ve rs ib l i t y  of colour mutants, (Luig, 1967), he concluded that such 
changes can be explained by assuming a posit ion effect brought about by 

a control element. Transposable elements are now being increasingly 
used to probe certain bacterial pathogens, pa r t icu la r ly  in Pseudomonas 
syringae pv phaseolica through suicide plasmid vectors employed to carry 
Tn5 elements (e.g. W i l l i s  and Panopulos, 1984).

A4.1.7 UREDINIOSPORE MIGRATION : Although not a genetic factor per se, 
the migration of inoculum from areas where the uredinial stage can 
survive (overwinter) to other geographic areas, is a fu r ther  potential  
source of var ia t ion in the racial composition of plant pathogens. 
Movement of cereal rust pathogens from southern USA, and probably less 
frequently Mexico, to northeren USA and Canada has been well discussed 
(Vanderplank, 1968). The introduction of Melampsora spp. to the 
Austral ian continent (Walker e a l , 1974) and subsequent spread from the 
Colo region suggests the importance of urediniospore migration in the 
Populus - Melampsora system.

The mechanisms available to generate var ia t ion wi th in the 
urediniospore population represent extreme f l e x i b i l i t y  fo r  reassociation 
or recombination of nucle i,  chromosomes, genes or cytoplasmic elements 
accompanying vegetative growth.

A race or biotype that  increases in d is t r ib u t io n  and frequency 
among population of plant pathogens should possess, according to Nelson 
(1971),

(1) a b i l i t y  to in c i te  disease (virulence)
(2) re la t ive  a b i l i t y  to cause greater amount of disease 

(agggressiveness)
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(3) greater e f f ic iency in causing disease

(4) a b i l i t y  to in c i te  disease over a broader environment range
(5) increased a b i l i t y  to pers is t .

Hence, wh i ls t  v a r ia b i l i t y  is released as a consequence of predominantly 
asexual processes fo r  Melampsora leaf rust in Austra l ia ,  the subsequent 

expression of new e f fec t ive  t r a i t s  in the pathogen population is 
dependent upon the reinforcement of these enhanced t r a i t s  by posi t ive 
select ion by the host and the environment.

A 4 .2  GENETIC CONTROL OF VIRULENCE

Since the Goldschimdt (1928) demonstrated the genetic basis of virulence 
in the anther smut fungus (Usti lago violacae), several studies have been 

conducted to determine the inheri tance of virulence or avirulence; these 
have been reviewed (F lo r ,  1971; Day, 1974; Burnett,  1975; McIntosh and 
Watson, 1982).

The pioneering work of Flor (1956, 1971) in the f lax  rust 
system revealed that inheri tance of virulence was usual ly recessive to 
avirulence and there was no ind ication of mult ip le a l le l ism  in the 
pathogen, in contrast to the host where resistance was usual ly dominant 
and many mult ip le  a l le le  groups could be recognised. In a subsequent 
c r i t i c a l  study of the same system, Lawrence et_ _al_ (1981a) obtained 
evidence fo r  a dominant i n h ib i to r  of avirulence fo r  the Ml locus, and 
confirmed F lo r 's  studies ind icating that genes API, AP2 and AP3 in _M. 
l i n i  are s u f f i c ie n t l y  closely l inked to suggest that they may be a l l e l i c  

(Lawrence et_ _al_, 1981b). Similar l inkage of virulence loci has been 
observed or suggested in other fungi (Luig, 1968b; Sambroski and Dyck, 
1968; S ta t le r ,  1979; Gustaffson, 1984). Dominance of virulence a l le les  
has also been noticed in few instances (Luig and Watson, 1961; Green, 
1966; Sambroski and Dyck, 1968).

Generally, studies have revealed a simple inheri tance of 
virulence genes in plant pathogens

A 4 .3  GENE-FOR-GENE RELATIONSHIP
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The gene-for-gene hypothesis has been extensively employed to explain 
the re lat ionship between host and pathogen, both from the pract ical  and 

evolut ionary points of view (F lo r ,  1971; Mode, 1953; Person, 1959; 
Person and Sidhu, 1971; Day, 1974; Pa r lev l ie t  and Zadoks, 1977; 

El lingboe, 1978).

F lo r 's  inheritance studies (1956, 1971) showed that in order 
to overcome each unique resistance gene in the host, the pathogen must 
carry a matching virulence gene, and F lo r  (1956) concluded that  ' f o r  
every gene con t ro l l ing  resistance in the host, there is a correspond!'ng 

gene in the parasite con t ro l l ing  pa thogen ic i ty ' .  Two virulence genes 
are needed in the pathogen to counter two resistance genes in the host 
(Person, 1959) and so on; thus a numerical equivalence in genes fo r  
a/virulence in the pathogen and of resistance in the host were observed 
and such genes were cal led corresponding or complementary genes. The 
re la t ionship usual ly observed for  b io trophic  pathogens, when presented 

on a quadratic check (Rowell et_ _al_, 1963) (e.g. Table 6.1) indicates 
that incompat ib i l i ty  occurs when a host resistance gene and a 
corresponding avirulence genes in te rac t .  Ellingboe (1978) and 
P ar lev l ie t  (1983a) have suggested that such a re lat ionship indicates 
that  recognit ion in the system is fo r  incom pa t ib i l i ty ,  and resistance - 
avirulence are the act ive a l le le s ,  with such a system superimposed on 

basic compatabi1 i t y  system. The gene-for-gene re lat ionship has been 
demonstrated or suggested to operate in many pathosystems (Person and 
Sidhu, 1971; Day, 1974; Sidhu, 1975).

The relevance of the gene-for-gene re la t ionship in explaining 

the q u a l i ta t ive  s p e c i f i c i t y  between hosts and pathogens is obvious. 
However there are c o n f l i c t in g  opinions of the possible operation of such 

a re lat ionship in a polygenic system i . e . ,  between aggressiveness genes 
in the pathogen and fo r  quant i ta t ive  res is tance /suscep t ib i l i ty  genes in 

the host. While some workers suggest that  gene-for-gene re la t ionship 
may not be operative in a polygenic system and thus such a system would 
be predominantly non-specif ic (Vanderplank, 1963; Person et_ al_, 1983), 
others suggest that gene-for-gene re la t ionsh ip  may be operative fo r  

polygenic t r a i t s  (P a r lev l ie t  and Zadoks, 1977; El l ingboe, 1978). The 
l a t t e r  view is supported by the d i f f e r e n t ia l  in teract ion of host-
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pathogen l ines fo r  quant i ta i tve  t r a i t s  l i ke  la tent period and
sporulat ion, sometimes accompanied by a reversal in ranking (Johnson and 

Taylor, 1976; Scott _et_ _al_, 1980; Heather and Chandrashekar, 1982). 
Although these reports are not d i rec t  evidences fo r  gene-for-gene 

re la t ionship ,  they are compatible with such a hypothesis. Par lev l ie t  
(1983a) suggests such quant i ta t ive s p e c i f i c i t y  is the expression of 
basic compat ib i l i ty  system between polygenes fo r  aggressiveness in the 
pathogen and fo r  pa r t ia l  resistance in the host. However, existence of 
the gene-for-gene re la t ionship fo r  polygenes may never be conclusively 
demonstrated (Par lev l ie t  and Zadoks, 1977) mainly due to the inherent 
complexities involved in the quant i ta t ive  system, and the occurrence of 
nonheri table va r ia t ion .

While gene-for-gene re lat ionship has been suggested (Person, 
1959) or implied (El l ingboe, 1978) to be of general occurrence rather 
than exception, certa in workers, notably Day (1968, 1974), Day et al 
(1983), Barrett  (1983), whi le accepting the importance of the theory in 
explaining the re lat ionship between q u a l i ta t i ve  virulence and 
resistance, contend that  the gene-for-gene hypothesis may be an 
overs impl i f ica t ion  of complex events occurring in the pathosystem. They 
feel that such a single theory, ‘ which may be the t i p  of the iceberg1, 
and may be an ar tefact  of breeding fo r  resistance, would not explain a l l  
forms of resistance including host var ia t ions af fect ing pa r t ia l  or 
incomplete resistance, slow rust ing, genotype-environment in teract ion 
and the possible effects  of virulence a l le le  on aggressiveness, the role 
of modifiers and background effects  of both host and pathogen 
genotypes. Similar  views have been expressed by Watson and Luig 
(1968a), Wolfe and Schwarzbach (1978) and Johnson (1983).

A 4 .4  GENETIC CONTROL OF AGGRESSIVENESS

In contrast to viru lence, l i t e ra tu r e  on the genetic control of 

aggressiveness is sparse, although th is  component may determine the 
severi ty of a disease epidemic or the potentia l  spread of a newly arisen 

race (Caten, 1982). Possibly, th is  resul ts  from lack of appreciat ion of 
the importance of th is  component (Nelson, 1979) or because of the 
complexities involved in dealing with a quant i ta t ive  t r a i t .  Nelson



266

(1979) remarked ' f a i l u r e  to monitor changes in paras i t ic  f i tness is one 
of the major reasons why the plant breeder never released a resistant  
var ie ty  before the damage was done' (emphasis by him). S im i la r ly  Pryor 
(1977) and Wolfe and Schwarzbach (1978) have outl ined the need fo r  
greater emphasis on aggressiveness in the pathosystem studies. Studies 
on aggressiveness need be focussed on differences in aggressiveness, 

both between the races and between the biotypes wi th in a race, because 
as Day (1978) commented, i t  would be a fa l lacy  to think of physiologic 
races in nature as f ixed clonal e n t i t i e s .

As a quant i ta t ive character, aggressiveness may show 
continuous d is t r ib u t io n  and thus, would expected to be polygenical ly 
inher i ted ;  th is  expectation is supported by few studies. For example, 
the higher aggressiveness in Ceratocystis ulmi (Buismi) C. Moreau is  
determined by a complex polygenic system (Brasier, 1977).
Aggressiveness in stra ins of Usti lago hordei (Pers.) Lagerh. d i f f e r  in 
th e i r  in fec t ive  a b i l i t y  on compatible barley cu l t iva rs  and the var ia t ion 
in th is  t r a i t  was determined by a polygenic system, with possible 
dominance of higher aggressiveness (Emara and Sidhu, 1974). Leonard 
(1975) also observed polygenic inheri tance of lesion size t r a i t  in 
Cochliobolus carbonum Drechs.

Differences in aggressiveness between strains have been 
recorded in many plant pathogens (Katsuya and Green, 1967; C l i f f o rd  and 
C lo th ie r ,  1974; Leonard, 1969, 1977; Martin and El l ingboe, 1976; H i l l  
and Nelson, 1931; Heather and Chandrashekar, 1982), and some studies 
have shown that aggressiveness, l i k e  v iru lence, can exh ib i t  host- 

s p e c i f i c i t y  (C l i f fo rd  and C lo th ie r ,  1974; Caten, 1974; Johnson and 
Taylor, 1976; T r i antophy1lou, 1975; Martin and Ell ingboe, 1976; Hadley 
et a l , 1979 ; Wolfe and Knott, 1982; Chandrashekar and Heather, 1983; 
Singh and Heather, 1983b; Wolfe et_ al_, 1983; Leonard, 1984), and some of 
these studies demonstrated that isolates or ig ina t ing  from a pa r t icu la r  
host were more aggressive on those hosts compared to others. However, 
Vanderplank (1978, 1982) maintains that aggressiveness is basical ly  a 
non-specif ic character, and suggests that these minor var iat ions 
observed may be ar te facts  having very l i t t l e  epidemiological 
consequence.
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A 4 .5  RELATIONSHIP BETWEEN VIRULENCE AND AGGRESSIVENESS

Virulence is considered here as the ab i l i ty  of an isolate of*pathogen to 
attack and successfully reproduce on a given host (IT 2-4), while the 
virulence spectrum is the number of cult ivars, within a set of host 
cult ivars, on which the isolate is virulent. Aggressiveness is the 
relative amount of disease caused by the isolate on a particular host 
cul t ivar or cultivars on which i t  is virulent, and is a quantitative 
expression of the disease; thus i t  reflects the fitness of the 
isolate. Hence, an isolate can only be aggressive on a cult ivar on 
which i t  is virulent although differences in aggressiveness can be 
expected amongst the virulent isolates on the same and between different 
compatible cul t ivars.  The relationship between the virulence spectra 
and the aggressiveness of isolates, has been widely discussed 
(Vanderplank, 1968; Watson, 1970; Brown, 1975; Nelson, 1979; C r i l l ,  
1977, Parlevliet, 1981a). Virulent mutants, that are a threat to newly 
introduced, resistant cult ivars wi l l  arise in a pathogen population 
maintaining i t s e l f  on a susceptible host (Person et_ al_, 1976). Their 
fitness on the susceptible hosts is important in determining the 
frequency of such mutants; this accounts for the interest in the effect 
of unnecessary genes for virulence in a pathogen population. Person et 
al (1976) have discussed the possible consequences of newly arising 
virulent mutants on susceptible hosts, in the presence or absence of the 
correspond!*ng resistance genes in the population.

Black (1952) and Thurston (1961) found that strains of P_. 
infestans with wider virulence spectra were less aggressive on simple 
cult ivars ( sensu possessing few genes for resistance) compared to those 
with narrow virulence spectra. A similar relationship was observed for 
f lax rust by Flor (1971) and for wheat stem rust by Watson (1958) under 
f ie ld  conditions. On the basis of the data available at the time, 
Vanderplank (1963, 1968) introduced the concept of 's tab i l is ing
selection' according to which there was an inverse relationship between 
certain alleles for virulence and the relative fitness of pathogenic 
isolates to survive, when such alleles were unnecessary for survival in
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host populations. He fu r the r  suggested that an increased vi rulence 

( sensu virulence spectrum) is  associated with decreased f i tness  and 

proposed that in certain s i tuations such 'unnecessary1 virulence s t i l l  
persisted in populations because of the 'weak' host resistance genes, to 
which the correspond!'ng virulence loc i in pathogen were not f u l l y  u n f i t  
to survive even though unnecessary (Vanderplank, 1968, 1975).

Due to the implicat ions of the ' s ta b i l i s in g  select ion'  theory 
in the evolut ion of the host-pathogen systems and in disease management 
stra tegies (Van der Plank, 1968, 1978; Leonard, 1977; Leonard and
Czochor, 1980), several workers attempted to tes t  the v a l id i t y  of th is  

theory by, i )  determining the frequency of 'unnecessary' virulence genes 
in f i e l d  populations of the pathogen, i i )  inoculat ing t h e . compatible 
cu l t iva rs  with a mixture of races d i f fe r in g  in virulence spectra and 
evaluating the dominance of strains in such a competi tive s i tua t ion  over 
few generations, or i i i )  independently evaluating aggressiveness of such 
races. While some studies revealed that races with some 'unnecessary' 
virulence were less competi tive or less frequent (Leonard, 1969 and
1977; Scheitele et_ a]_, 1968, Grant and Archer, 1983), other studies 
showed exceptions to th is  (Watson, 1970; Ogle and Brown, 1971; F lor,
1971, Osoro and Green, 1976; Gustaffson, 1983). However, as pointed out 
by Leonard and Czochor (1980), many studies conducted to tes t  the 
select ion pressure against 'unnecessary' virulence a l le le  do not meet
certain requirements v iz .  tes t ing  the f i tness of unnecessary vi rulence 
a l le les  without the confounding effects  of differences in background 
genotypes of the pathogen, and they suggested the use of isol ines of the 
pathogen for  such precise studies. In a few studies where these 
c r i t e r i a  were general ly met, then the 'cost of unnecessary v iru lence' 
was found to be 0.12 to 0.40 (Leonard, 1977; c f .  Watson and Singh, 1952) 
although Osro and Green (1976), Bronson and El lingboe (1981) could not 
observe such 'cost of v i ru lence ' .  S im i la r ly  many workers have stressed 

the need for using iso l ines in the pathogen to evaluate the e f fec t  of 

dif ferences in v iru lence, on the aggressiveness t r a i t s  (Rowell et a l , 

1963; Day, 1966; Leonard, 1969; Osoro and Green, 1976).

Leonard and Czochor (1980) have pointed out that the term 
's ta b i l i s in g  select ion ' is misleading in the present context, as such a 
select ion operates against extremes at the e i ther  end of the scale fo r  a
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t r a i t  and tends to normalise the population (in population genetic 
sense) and thus the term 'selection against unnecessary virulence' would 
be better.

Thus, although the finding of Nelson et_ a]_ (1970) and Singh 
and Heather (1983), that some isolates with wide virulence spectra were 
generally more aggressive on the cultivars tested, is at variance with 
Vanderplank' s (1968, 1975) suggestion that virulence (spectra) would be 
negatively associated with aggressiveness, they are not in conflict with 
the theory of Leonard (1977) and Leonard and Czochor (1980), because the 
virulence spectra tested in the above two studies were 'necessary' for 
the infection on those cultivars tested. In their models, Leonard 
(1977) and Leonard and Czochor (1980) showed the importance of the 
deleterious effects on fitness of such increased 'unnecessary' virulence 
(cost of virulence) in the co-evolution of host-pathogens, and for 
maintaining stabil i ty in host-pathogen systems through balanced 
polymorphism. Similar findings were made by Marshall and Pryor (1978) 
on the importance of 'cost of virulence' in disease control by multiline 
strategy. Parlevliet (1981a), while accepting the possible role of such 
a selection in natural pathosystems, suggested that ' stabil ising 
selection' (sensu Vanderplank, 1968) may not be an important factor in 
agricultural pathosystems where man controls host genotype patterns over 
time and space. However, he (Parlevliet,  1983a) has suggested that in 
host-pathogen coevolution, the selection is towards moderate virulence, 
which may be attained by the compromising forces of Darwinian selection 
for increased aggressiveness, and the group selection for avirulence, as 
both extremes are detrimental to the host-pathogen systems. He implies 
that,  in an biotroph, the avirulence al lele,  despite being an a l t ru i s t ic  
t r a i t  to the individual, is selected, not because of the fitness 
associated with i t ,  but because of the feedback system in the population 
where high virulence, can endanger the survival of the host, thus 
endangering survival of the pathogen. Wolfe _et_ _al_ (1983) have detailed 
the relevance of interaction of adapatation (increased aggressiveness on 
specific hosts by specific isolates) and adaptability (increased 
virulence spectrum) in crop pathosystems, and provides experimental 
evidence that pathogens make a compromise between these two components 
which are strongly determined by the extent of the host genotype. Thus, 
in the beginning of the infectious season, the selection is towards
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adaptab i l i ty  (increased virulence spectrum), which ensures maximal 
in fec t ion  e f f ic iency  fo r  the population by being f le x ib le  in i t s  choice 
of host genotypes, followed by a phase of increased adaptation by the 
isolates on cu l t iva rs  on which they harbour. He advocates employing 

c u l t i v a r  mixtures as an e f fec t ive  disease control strategy which would 
keep both adaptation and adaptab i l i ty  in check.

Many workers have observed that current theories tend to 
s impl i fy  the re la t ionship in theoretical  studies, and fu r the r ,  studying 
the independent e f fec t  of ind iv idual factors, they tend to ignore the 
in te rac t ive  features involved (MacKey, 1981; Heather and Chandrashekar, 
1982). The s im p l ic i ty  of the gene-for-gene hypothesis has f a c i l i t a t e d  
the development of e x p l i c i t l y  genetic models of host-parasi te 
coevolut ion. However Barrett  (1984) observed 'indeed, i t  is probable 

tha t  even had the gene-for-gene hypothesis not existed, i t  would have 
been necessary fo r  population genet ic is ts  to invent i t  in order to model 
host-parasite systems', and remarked tha t  models based on gene-for-gene 
re lat ionships have considered only genetic changes and neglected changes 
in population size and other ecological factors . For example, Brown 
(1975) id e n t i f ie d  fo l lowing factors, in addition to host factors and 
select ion against avirulence a l le le s ,  as l i k e l y  to a f fec t  the re la t ive  
a b i l i t y  of s t ra ins of fungal pathogens to survive in populations,

(1) Variat ion in aggressiveness t r a i t s .
(2) Existence of environmental ecotypes.
(3) Ind i rec t  e ffect of environment owing to i t s  e f fec t  on the 

host resistance.
(4) In teract ion between stra ins within a population.

A 4 .7  COEVOLUTION OF THE H0ST-PATH0GN SYSTEM

The host - pathogen pair has been cal led the 'odd couple' of the 

bio logica l  world, and th e i r  coevolution a spectacular b io logical  saga by 
Nelson (1979). B io log is ts  have studied intensively  and speculated on 

the coevolution of the host-pathogen system, although i t  is l im i ted  to 

annual hosts.
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The hosts tend to evolve defence mechanisms against the 
pathogen and in tu rn ,  pathogens acquire virulence to overcome the 
defence, and th is  reciprocal behaviour leads to a spi ra l of an 
evolut ionary arms race. The evolut ion of the host-pathogen system is 
influenced also by the physical environment, and in agro-ecosystems, by 
man. Selection resul ts  from dif ferences in f i tness among i n d iv i d u a l s  
of a population (Mett ler and Greg, 1969) and f i tness is mainly a measure 
of the reproductive success of i n d iv id u a ls , i . e .  those biotypes which 
survive best and pass on th e i r  genes to the greatest nunmber of v iable 
progeny are the most f i t  (Leonard, 1977). Those genes that enhance the 
f i tness of ind iv iduals  of pa r t icu la r  population w i l l  tend to increase in 
frequency in that populat ion, the process referred to as select ion. The 
select ion can be fo r  t r a i t s  at one end of the scale (d i r e c t io n a l ) ,  can 
be at many ends of the scale (d is rupt ive)  or around the mean of the 

scale ( s ta b i l i s i n g ) ]  (Mather, 1955; Thoday, 1972). Also, other forms of 
select ion include those due to heterosis, and those that are frequency- 

dependent e.g. the organism is most f i t  when i t  is least frequent (Ayala 
and Valentine, 1979; Futuyma, 1979).

The central theme in host-pathogen coevolution is tha t ,  
although the f i tness of host l ie s  in successful ly warding o f f  the 
pathogen or minimising the pathogen's e f fec t  on i t s  fecundity, f i tness  
of an ob l igate parasite depends not only on i t s  a b i l i t y  to survive and 
reproduce, but also to ensure survival of the host, or at least not to 
endanger i t s  surv iva l .  This association would be even more c r i t i c a l  in 
a perennial host-biotroph pathogen s i tua t ion  such as the poplar leaf 
rust system.

While the rate at whcih coevolution takes place var ies, there 
are several models which explain how the s t a b i l i t y  may be achieved in 

the pathosystem. Mode (1958) made the f i r s t  theore tical analysis of 
genetic in teract ions between populations of plants and the i r  pathogens 
in a gene-for-gene re lat ionship and described a set of mathematical 
condit ions under which a stable equi l ibr ium can be reached in the 
system. Leonard (1977), in a subsequent c r i t i c a l  analysis, showed the 
importance of variables v iz .  cost of viru lence, effect iveness of 

resistance, and the advantage of v i ru len t  race on a host with the 
correspond!"ng genes fo r  resistance, in a t ta in ing  a stable equi l ibr ium by 
balanced polymorphism of the hosts and pathogens. Leonard and Czochor
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(1980) suggested that balanced polymorphism, as opposed to transient 
polymorphisms, constitutes the majority of observed examples of 
polymorphism in the gene-for-gene systems, because they persist and can 
accumulate, in contrast to transient polymorphism which by definition is 
temporary.

Parlevliet (1983a), in explaining the host-pathogen 
coevolution, suggested that recognition systems for incompatibility and 
compatibility phemomena are important in a pathosystem, and in the 
barely rust system, the former was characterised by hypersensitive type 
resistance and the la t te r  by partial resistance. Assuming both systems 
operate on a gene-for-gene basis (Parlevliet and Zadoks, 1977), he 
suggested that virulence is regulated to intermediate levels by the 
opposing forces of Darwinian (favouring high aggressiveness) and group 
selections (favouring high avirulence) in the incompatible
relationship. The compatible relationship tends to be relatively more 
stable, because the recessivenes of the low aggressiveness necessitates 
a gain mutation, which is not easy to produce, to neutralise the effect 
of the resistance gene. The incompatibility system is superimposed on 
the compatibility system (Ellingboe, 1978) and thus regulates the 
coexistence of the pathogen with the host at intermediate levels. Heath 
(1981) has discussed the physiological and biochemical implications of 
these two systems.

Many other models have been proposed, some with direct 
relevance to disease control strategies (Mode, 1961; Groth, 1976;
Marshall and Pryor, 1978, 1979; Barrett, 1980; Wolfe et a l , 1983) and a 
crit ical review of some of these models have been made (Leonard and 
Czochor, 1980). Similar works on general host-predator relationships 
have been attempted (e.g. Futuyama, 1979). The results of most models 
indicate that stable or dynamically stable polymorphism can be 
maintained by reciprocal frequency-dependent selection as predicted by 
Haldane (1954) (Barrett, 1983).

Most of the above studies assume a specific interaction based 
on the gene-for-gene relationship in exlaining the plant-pathogen 
coevolution and modes of achieving s tabil i ty .  In contrast, some authors 
have suggested non-specific interaction ( sensu absence of differential
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host-pathogen in te rac t ion)  based pr imar i ly  on polygenes (Person et al 
1983) would contr ibute to the s t a b i l i t y  of the pathosystem, and th is  
would be achieved in an addit ive model which would predict constant 
ranking, coupled with 'phenotypic damping' and opposition of select ive 
forces operating in the two in teract ing populations.

I t  is becoming clear that  man's role as a component of the 
disease square is increasing and future or ienta t ion of the sytem now 
largely rests with him. Nelson (1979) summed the future aptly ' I f  man 
is to be the d i rec to r  of th e i r  coevolution le t  him see to i t  that they 
play in harmony'.



APPENDIX 5

EFFECT OF GAMMA IRRADIATION ON GERMINATION OF 
UREDINIOSPORES OF MELAMPSORA MEDUSAE

Estimation of the rad iosens i t iv i ty  of organisms is a
prerequis ite fo r  establ ishing dosage l im i t s  fo r  programmes on induced 
mutation. In cer ta in fungi ,  spore germination has been employed 

successful ly as a c r i te r io n  to assess in fec t ion  potential  a f te r
i r ra d ia t io n  (Kwon and Oh, 1977). This prel iminary study compared the 
capacity of urediniospores of M. medusae, which have been exposed to 
increasing levels of gamma i r ra d ia t io n ,  to germinate and to in fec t  leaf 
disks of _P. x euramericana cv. 1-488.

Two races 1A and 5A of M_. medusae were employed in the

study. Individual samples of fresh spores (_c. 80% spore water content) 
were exposed to a 50Co gamma source to obtain 0, 200, 400, 1000, 1500 
and 2000 Gray (Gy) (1 Gy=10 rads) dosages of i r ra d ia t io n  and

subsequently dried over s i l i c a  gel (12 h) and P205 ^  ^  t0 rec*uce ^ e  
spore water content to _c. 20 %. Urediniospores (5 mg per dose-

treatment) were deposited on f ive  rep l icate  cover glasses (1.32 cm2) and 
20 leaf disks (1.70 cm2) of _P. x euramericana c v .1-488, a universal 
suscept, in a spore s e t t l in g  tower (section 2 .4 .2) .  Spore germination 
was assessed on the coverglasses which were placed on p las t ic  foam 
soaked in s te r i l e  water, sealed in s te r i l e  Petri  dishes to ensure 100% 
re la t ive  humidity, and incubated under dif fused l i g h t  (50 uEm-2s-l) at 
16+1 °C fo r  24 h (Singh and Heather, 1982c). Spores were considered to 

have germinated i f  the germ tube was at least as long as i t  was wide.

The inoculated leaf disks of cv. 1-488, placed on p las t ic  foam 
soaked with GA located in Petri  dishes, were incubated in control led 
growth cabinets at 'standard environment' (section 2.5 .1) .  The number 
of uredinia produced per leaf disk (ULD) was counted a f te r  18 days and 
the in fec t ion potentia l  of the i r rad ia ted spores was expressed as a 

percentage of the number of uredinia induced by the control (0 Gy)
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urediniospores. The analyses of variance (ANOVA)  fo r  germination and 
uredi nial number (ULD) used angular and square root transformations, 
respectively. For the uredi niospores of the two races, germination 
percentage (untransformed values) on the coverglasses and in fec t ion 
potential  (percentage) on leaf disks, at levels of i r ra d ia t io n  from 0 - 
2 X 103 Gy, are presented in Fig. A5.1.

In the two way ANOVA fo r  germination, the major factors 
(dosage of i r ra d ia t io n  and races of the pathogen) but not th e i r  
in te rac t ion  component were s ign i f ican t  (P < 0.01) determinants of 
var ia t ion (ANOVA not presented). At a l l  dosage levels, race 5A was 
re la t iv e ly  more radioresistant than race 1A (Fig. A5.1). Although in 
both races, germination decreased moderately at levels of i r ra d ia t io n  
below 400 Gy, i t  increased in the range 400 to 1000 Gy (s ign i f ican t  in 
race 1A, P < 0.01) and even at 2000 Gy i t  exceeded 65% (Fig. A5. 1).

In the ANOVA fo r  ULD, the dosage of i r ra d ia t io n ,  but not the 
race of the pathogen, was a s ign i f ica n t  (P < 0.01) determinant of 
var ia t ion  while the in teract ion component, dose X race, was also a 
s ign i f ica n t  (P < 0.01) contr ibu tor  to such var ia t ion .  The in fec t ion  
potential  of both races decreased almost l inea r ly  with increasing 
radiat ion levels over the range 0-1000 Gy and approached zero at the 
l a t t e r  leve l .  At a l l  dosages of i r ra d ia t io n ,  the in fec t ion  potential  of 
treated urediniospores of race 5A was higher than that of race 1A.

Germination of the urediniospores of both races of M. medusae 
exceeded 65% a f te r  exposure to i r ra d ia t io n  levels greater than 1200 Gy; 

however spores exposed to such levels d id 'no t  successful ly in fec t  leaf 
disks. Hence the capacity of these spores to germinate fo l lowing 
i r ra d ia t io n  was not a suitable c r i te r io n  of in fec t ion po ten t ia l .  When 
examined with a scanning electron microscope, spores treated at 2000 Gy 

had normal germtubes. These observations agree with Schwinghamer (1958) 
who found that only doses of 10000 Gy of X or Gamma rays completely 
inh ib i ted  germination of urediniospores of M. 1i n i . He concluded that 
such high dosages might inactivate  cytoplasmic components.

The nucleus is the prime target of gamma i r ra d ia t io n  and loss 

of in fec t ion  potentia l  in exposed ce l ls  is pr imar i ly  a consequence of
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Figure A5.1 Mean germination percentage ( - - - - )  on coverglasses and
mean in fec t ion potential ( --------------) on leaf disks of _P.x
euramericana cv. 1-488 of the urediniospores of two races of 
_M. medusae. Samples of these spores had been exposed 
previously to various dosages of gamma i r ra d ia t io n .
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damage to nuclear DNA (Davies and Evans, 1966). The DNA and enzyme 
complement involved in the germination of urediniospores of M. medusae 
are possibly synthesised during the spore maturation cycle, hence 
inac t iva t ion  of nuclear DNA by i r ra d ia t io n  of mature spores does not 
af fect  th e i r  germination. Such an observation would agree with Brody 
(1982), who concluded that early events in the germination of Neurospora 
were ' preprogrammed1 in to  the conidium during i t s  formation and with 
Staples (1974), who showed that DNA synthesis and functional nuclei were 

not needed during the germination process in Uromyces phaseoli Pers.

SUMMARY

Urediniospores of two races of M. medusae were exposed to increasing 
levels of gamma i r ra d ia t io n ,  and th e i r  germination on coverglasses and 
in fec t ion  potential  (uredinial surv iva l) on leaf disks of P_.x 
euramericana cv. 1-483, were assessed. The germination was not a 
suitable c r i te r io n  to assess rad iosens i t iv i ty  as there was good 
germination at higher levels of i r ra d ia t io n  while the in fec t ion  
potential  at these levels was very low.
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IN D UC TIO N  OF R AP ID  AND SYNCHRONOUS GERMINATION OF 

UREDINIOSPORES OF MELAMPSORA MEDUSAE FOR 

ELECTROPHORETIC STU D IES

Electrophoret ic techniques are being increasingly used in the 
id e n t i f i c a t io n  of the fungal species, to investigate the in t ra -s p e c i f i c  
var ia t ion in the fungi ,  and have potentia l  in the population genetic 
studies (Burdon et_ al_, 1982). Synchronous germination of large masses 
of uredi niospores is a pre- requis i te  fo r  the appl icat ion of the gel - 

electrophoresis technique in the study of var ia t ion in the rust fungi 
(Burdon et_ _al_, 1982). A sur factant,  T r i t ron  X-100, added to spore 
suspensions and shaken vigorously, removed inh ib i to rs  and resulted in 
germination of large masses of spores in many rusts and smuts (Schipper 
et al , 1969). Maheshwari and Sussman (1970) obtained almost complete 
germination of P_. graminis t r i t i c i  by suspending the uredi niospores in a 
calcium phosphate-potassium phosphate buffer (pH 7.0) containing 1x10-4m 

nonyl alchohol and 0.01% Tween 20.

In both species of poplar leaf rusts, M. medusae and M.l a r i c i -  
popul ina, t r i a l s  with the methods cited did not resul t  in sat is fac tory  
levels of germination (Prakash, unpublished; Rayner, 1983). Germination 
in suspensions of low density rarely exceeded 5%; when placed on 

membrane f i l t e r s ,  only ind ividual spores germinated with no germination 
among clumped spores. Spores in these rusts are formed separately and 
clumping is pr imar i ly  due to the echinules on the spore walls. Although 

germination of more than 80% has been reported e a r l ie r  fo r  spores of M. 
medusae when exposed on coverglasses in 100% R.H. (Singh and Heather, 
1982; section 2.4.2; Chapter 2), these f igures were derived from counts 
of ind ividual spores and ignored the occassional clumps. Such 
observations, which describe the 'germinative po ten t ia l '  of the spores, 
are appropriate to epidemiological studies but are unsuitable for 

studies on physiology of fungal spores. Nicotine (100 ul 1*1) which 
enhanced the germination (>70%) of spores of M. 1 a r ic i -popu l ina  in
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suspension (Rayner, 1983), increased vacuolation in some fungal spores 
(French and Wilson, 1981) and may a f fec t  the enzyme systems. Thus, a 
technique was developed to obtain synchronous and en masse germination 
of the uredi niopsores of M. medusae, fo r  possible subsequent 
e lectrophoret ic  appl icat ion.

The inoculum of races 1A and 4A of M. medusae were used in 
th is  study. The procedures on m u l t ip l ica t ion  of spores on detached 
leaves of _P. x euramericana cv. 1-488 under control led conditions of 
l i g h t ,  temperature and photoperiod fol lowed as detai led in Chapter 2.

Dry spores were placed in s te r i le  McCartney bott les (1 mg 
/b o t t l e ,  ca. 6 X 104 spores) containing 10 ml of monobasic calcium 

phosphate (10-4M)-mono and dibasic potassium phosphate (10-2m) buffer,pH 
7.0 (Maheshwari and Sussman, 1970). The suspension was homogenised for  
30 sec using a high-frequency disperser (Ult ra-turrax®, TP 18/10 shaft,  

ca.104 rpm, Janke and Kunkel KG, ika-werk, Staufen, West Germany) and 

subsequently poured in to  a vacuum f i l t e r  assembly containing a membrane 
f i l t e r  (Metricel® » diameter 47mm, pore size 5 urn, Gelman F i l t e r  Co. 
U.S.A.).  The suspension was swirled and a vacuum (-70 KPa) drawn fo r  2 
min, allowing the urediniospores to deposit evenly on the f i l t e r s  
(Schipper, et_ al_, 1969) which were placed on Whatman No.l f i l t e r  paper 
(two layers),  moistened with 2ml s te r i l e  water in 9 cm Petri  dishes. 
The use of more than 2 ml of water per f i l t e r  disturbed the uniform 
spread of spores and hence affected germination. The Petri  dishes were 
given a cold-treatment of 4°C fo r  60 min and subsequently incubated at

16+1°C (Singh and Heather, 1982) under dif fused l i g h t  (50 uEm-2s-l). 
The cold treatment enhanced synchrony of germination.

In th is  method the spores were uniformly d is t r ibu ted over the 
f i l t e r s  without any clumping and germination of more than 95% was 
regularly  obtained in successive tests .  In most spores i n i t i a l  germtube 
protrusion could be observed a f te r  30 min incubation and complete 
germination (germtube being as long as i t  was broad ) was achieved in 4 
hours.

When s te r i le  water, buffer with 1x10-4 m nonyl alchohol and 

Tween 20, or nonyl alchohol alone was used, germination was always lower 
than with buffer solut ion alone. Incubating the spores in darkness did
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not enhance germination s ign f ican t ly  when compared to dif fused l i g h t .  

In several t r i a l s ,  incubating in a lternate l i g h t  and dark f luc tuat ion  
cycles (5-5 min) increased germination s ig n i f ic a n t ly  but these ef fects 
were not be consistent ly reproduced.

When many races of _M. medusae were assessed fo r  isoenzyme 
var ia t ion (with the assistance of Dr. J. J. Burdon, CSIRO Divis ion of 
Plant Industry),  those employing germinated urediniospores from the 
above technique had better e lectrophoret ic  a c t i v i t y  compared to that 

with ungerminated spores (Prakash, unpublished) . Also, pronounced 
dif ferences in the isoenzymes were observed between races with narrow 
and broad virulence spectra ( i . e .  the w i ld  types and the v i ru len t  
mutants). The l a t t e r  races had lost a c t i v i t y  fo r  some a l le les  in few 
isoenzymes, but had exhibited a c t i v i t y  fo r  some a l le les  with in certain 
isoenzymes, when compared to the av i ru len t  wi ld types (Prakash, 
unpublished) . The acquis i t ion of new a l le les  by the mutants was 
surpris ing, but however support the regulatory gene theory proposed in 
Chapters 5 and 15. Such studies may have s ign i f ican t  potential  in
id e n t i f i c a t io n  of virulence or avirulence a l le les  in the pathogen, and 
fo r  possible iso la t ion  of gene products involved in these function.

SUMMARY

A technique to induce rapid and synchronous germination of large masses 
of urediniospores of melampsora medusae is detai led. I t  involves 
homogenising the spore suspension in bu f fe r  using a high frequency 

desperser fol lowed by uniform deposition of spores on a membrance f i l t e r  
through vacuum suction and subsequent incubation on a moist f i l t e r  paper 
in a Petri  dish. A uniform germination of more than 95% was obtained 
repeatedly by th is  method which is useful in electrophoretic and other 

physiological studies of the rusts.



APPENDIX 7

A 7 .1  THE DATA ON THE STUDY OF DISASSOCIATION OF AGGRESSIVENESS 
AND SURVIVAL IN  MIXTURES OF RACE 4M OF MELAMPSORA MEDUSAE

Table A7.1 Summary of the variances* of the race 4B and 4M, and t h e i r  

mixture of M. medusae fo r  three aggressiveness t r a i t s b  represent ing 

three generations (1, 6 and 11) on cvs 1-488 and T-173.

Source D F LP1 ULDC USMC

Race 3 27.33 25.01 28.07
Generation 2 9.12 6.32 0.56ns

C u l t i v a r 1 766.09 1017.75 366.41
Race X Generation 5 8.22 13.07 7.08

Race X C u l t i v a r 3 25.01 9.02 33.25

Generation X C u l t i v a r 2 7.81 6.72 0.17ns

Race X Genr X C u l t i v a r 5 9.86 12.56 4.78

Residual 308 0.63 0.45 0.57d

Total 329 4.05 4.63 2.86d

a Mean sum of squares has been presented. A l l  unmarked values are 

s ig n i f i c a n t  (P < 0.001);  * denotes s i g n i f i c a n t  w ith  P < 0.025; 'ns '  
denotes not s i g n i f i c a n t .

b The three aggressiveness t r a i t s  are la ten t  period to product ion of 

f i r s t  uredinium (LP1), uredin ia  produced per lea f  disk (ULD; square 

root transformed) and urediniospores produced per square mm of lea f  

(USM; Log + 1 transformed). 

c Using transformed values.

^ The residual and to ta l  degrees of freedom fo r  USM is  241 and 262 

re s p e c t iv e ly .
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Table A7.2 Meansa fo r  three aggressiveness t r a i t s  on cvs 1-488 and T-173 

by v i r u le n t  race 4M (natural  v i r u le n t  mutant) o f M_. medusae cu ltured cv. 

1-488 (4M-I488) and on cv. T-173 (4M-T173), assessed a f t e r  1, 6 and 11 
generations of se r ia l  cu l tu re .  The 6 generation iso la te  of race 4M-T173 

was not studied. The values sharing the same alphabet w i th in  a row do not 

d i f f e r  s i g n i f i c a n t l y  (P > 0.05).  For comparisons of values across rows, 

use Least S ig n i f i c a n t  Dif ference (LSD) values ind icated under each t r a i t .

a) LATENT (DAYS) TO PRODUCTION OF FIRST UREDINIUM (LP1)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 5~ TT ~ 11

RACES 
4M-1483 
4M-T173

8.93b 8.40a
8.93a - -

8 . 28a
9.53b

10.73C n.64d
10.73C---------- -

11 . 33d 
- 10.20c

Least s ig n i f i c a n t  d i f fe rence  (LSD)0.05 ^757(1

b) UREDINIA PRODUCED PER LEAF DISK (ULD) (using square root transformed 
values)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
4M-I483
4M-T173

2.82c
2.82b

3 . 53b 3 . 9 2a
2.83b

2.77C 3 . 50b
2.77b

4 . 15a
3.55a

Least s ig n i f i c a n t  d i f fe rence  (LSD)0.05 = 0.568

c) UREDINI0SP0RES PRODUCED PER SQUARE
transformed va lues).

MM OF LEAF (USM) (using Log +

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES 
4M-1488 
4M-T173

5.69a
5.69ab

6.05a 6.10a
5 . 9 5 a

5 . 13b 3 . 8OC
5 . 13b

4.34C
5.03b

Least s i g n i f i c a n t  d i f fe rence  (LSD)0.05 “ 0-607 

a mean of f i f t e e n  re p l i ca te s .
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Table A7.3 Means f o r  three aggressiveness t r a i t s  by race 4B and race mix 

4B + 4M of M_. medusae on cvs 1-488 and T-173, assessed a f te r  1, 6 and 11 

generations of c u l t u r in g  on cv. 1-488. The values sharing the same 

alphabet w i th in  a row do not d i f f e r  s i g n i f i c a n t l y  (P < 0 .05) .  Use 

appropriate LSD values from Table A.7.2 f o r  comparisons across rows.

a) LATENT PERIOO TO PRODUCTION OF FIRST UREDINIUM (LP1)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
4B
4B + 4M

9.27b
9.53b

9.13b
9 .0 0 a

8.40a
8.73a

13.66e 12.82d
11.50c 13.9ie

11.27$
13.26d

b) UREDINIA PRODUCED PER LEAF DISK (ULD) (using square root transformed 
values)

REACTION ON cv. 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
4B
4B + 4M

4 .9 6b
3 .2 8a

5 . 1 2 b
2 . 9 4 a

5 .77a
2.29b

0 .8 4d  2.03C
1.94C l . 4 9 d

2.46C
1.88cd

) UREDINIOSPORES PRODUCED PER
transformed values)

SQ. MM OF LEAF (USM) (using log + 1

REACTION ON cv . 1-488 REACTION ON cv. T-173
GENERATIONS 1 6 11 1 6 11

RACES
4B
4B + 4M

6.70a 6.70a
5.96a 5 .9 ia

7.02a
5 .4 ia

2 . 1 7 c
2.67b

3 . 7 9 b
2.96b

4.28b
1.43c

a mean of f i f t e e n  rep l ica tes
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A 7 .2  REACTION OF RACES ANO RACEMIXES ON TWELVE CULTIVARS OF POPLARS

Table A7.4 Reaction of twelve c u l t i v a r s  of poplars to s e r i a l l y  cu l tu red  

races and racemixes of M. medusae (from Chapter 8; invo lv ing  rad ia t ion  

induced v i r u le n t  mutant) as assessed by in fe c t io n  typea (0-4 scale of 
increasing disease s e v e r i t y ) .

CULTIVAR RACE 1
GENERATION

6

delto ides cv. W-79/304
5A 1 1

5M-I488 2 2
5M-T173 2 2
5A + 5M la l a ’

cv. W—79/306
5A 2b 2

5M-I488 3 3
5M-T173 3 3
5A + 5M 2 2

cv. W-79/307
5A 2 2

5M-I488 3 3
5M-T173 3 3
5A + 5M 2 3

cv. 7-2 5A 3 2
5M-I488 0 0
5M-T173 0 0
5A + 5M 2 1

cv. 7-4
5A 2 2

5M-I488 2-3 3
5M-T173 ' 2-3 3
5M-T173 2b 2

cv. 10-3
5A 0 0

5M-I488 0 0
5M-T173 0 0
5A + 5M 0 0

cv. 60/164
5A 0 1-2

5M-I488 4 3-4
5M-T173 4 4
5A + 5M 2 2-3

o
o

o
o
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o
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C U L T I V A R R A C E GENERATIONS
6 11

P.

cv. 82—PH-1

X euramericana
cv. 1-154

cv. 1-214

cv. 65/70

5A 0 0
5M-I488 2 2
5M-T173 2 2
5A + 5M 2 l a

5A 1-2 1-2
5M-I488 3 3b
5M-T173 3 3
5A + 5M 2 2

5A 3 3
5M-I488 2 2
5M-T173 2 2
5A + 5M 2 2

5A 1 2
5M-I488 3 4
5M-T173 3 3
5A + 5M 2b 3

0
3

2-3
ia

2
4

P_. al ba
cv. H icke liana

5A 0 0
5M-I488 la 1
5M-T173 la la
5A + 5M 0 0

Superscrip t a ind ica tes  to presence o f 1 or 2 small 
u re d in ia ,  while b ind ica tes la rg e r  u red in ia .

C
O

C
M

C
V
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v

J 
co 

«3- co 
o
 o

 w
o
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Table A7.5 Reaction of twelve cult ivars of poplars to se r ia l ly  cultured 
race and racemix of M_. medusae , involving natural virulent mutant, as 
assessed by infection type ( 0 - 4  scale) . Race 4M-T173 from 6th 
generation was not included in the study.

P. deltoides

CULTIVAR RACE 1
GENERATION

6 11

cv. W-79/304
4B la 2 2

4M-1488 2 2 2-3
4M-T173 2 - 2
4B + 4M 2 2 . 2

cv. W-79/306
4B 1 la 2

4M-1488 2 2 3
4M-T173 2 - 2
4B + 4M 2 2 2

cv. W-79/307
4B 3 3 3

4M-1488 3 3 3
4M-T173 3 - 2-3
4B + 4M 3 2-3 2

n < . --j i ro

4B 3 3 2-3
4M-1488 1 1 1
4M-T173 1 - 0
4B + 4M 2 1* 1

cv. 7-4
4B 1 la 2

4M-1488 - 2-3 3 3-4
4M-T173 2-3 - 2-3
4B + 4M 3 2-3 2

cv. 40-2
4B 0 0 0

4M-1488 0 0 0
4M-T173 0 0 0
4B + 4M 0 0 0

cv. 60/164
4B 0 2 2-3

4M-1488 2-3 3 4
4M-T173 2-3 - 3
4B + 4M 2 3 3
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APPENDIX 9

INHERITANCE OF RESISTANCE TO MELAMPSORA MEDUSAE 
IN ADDITIONAL CROSSES OF POPULUS DELTOIDES

Studies on inheritance of qualitative and quantitative 
resistance to races of _M. medusae in a cross of P_. del toi des were 
reported in section I I I  (Chapters 13 and 14). Here, analysis of 
resistance in a further three crosses of _P. del toi des to race 5M of \A. 
medusae is reported.

Three crosses, cvs. 60/160 X 60/103 (cross A), 60/164 X 60/103 
(cross B) and 60/166 X 60/103 (cross C) were conducted during the spring 
of 1983. The cv. 60/103 was the pollen parent for al l  these crosses, 
and is susceptible to race 5M. The female parent cv. 60/164 was also 
susceptible while cvs 60/160 and 60/164 were completely resistant, to 
this race. The techniques for crossing, culture of plants, inoculation 
and incubation followed as detailed in Chapter 13. Many additional 
crosses with other cultivars were performed, but not included in the 
study because of poor seed setting or insufficient FI plants.

Replicate leaf disks of the FI progeny (5) and parents (10) 
were inoculated with urediniospores (3 mg) of race 5M, and incubated in 
'standard environment' (section 2.4.1.). Because of the time 
constraint, the reaction of the plants 'to other races could not be 
assessed. Disease reactions assessed were, latent period to production 
of f i r s t  uredinium (LP1) and uredinia produced per leaf disk (ULD). The 
ULD data were analysed employing square root transformed values.

The frequency distribution of the FI plants of the three 
crosses along with the parental positions, for LP1 (Figs A9.1) and ULD 
(Figs A9.2) are presented. As the cvs 60/160 and 60/160 were completely 
resistant (no uredinial production), the LP1 or ULD for these plants are 
not shown in Figs A9.1 and A9.2, repsectively. The distribution of the 
FI plants for LP1 in a l l the three crosses were skewed, with an apparent
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dominance of the shorter,  over longer, la tent  period (Fig. A9.1). The 

transgressi ve segregation towards longer latent  period was evident in 
a l l  the crosses, and more pronounced in cross B (Fig. A9.1), where a few 
plants with considerably very long LP1 were observed.

The d is t r ib u t io n  of the FI plants fo r  ULD was bimodal, which 
is ind icat ive of qua l i ta t ive  or major gene in te ract ion (Fig. A9.2). 
However, the con t inu i ty  of the d is t r ib u t io n  observed w i th in  each class, 
is  suggestive of the influence of polygenes. The skewness of the 
d is t r ib u t io n  was towards higher ULD, although a range of disease 

reaction from very highly susceptible to complete resistance could be 
observed. In cross B, where both the parents are susceptible (Fig. 

A9.2), few FI plants with complete resistance and some plants with high 
quant i ta t ive resistance were observed. While th is  may be due to the 
recessive or ep is ta t ic  nature of the resistance genes in these parents, 
i t  suggests that even susceptible parents can be useful contr ibutors in 
breeding fo r  disease resistance. The longer LP1 was usual ly associated 
with lower uredinia number and smaller pustules. However, as only one 
race of the pathogen was employed in th is  study, i t  is desirable to test 
the selected plants fo r  reaction wi th other races, par t icuar ly  in view 
of the pronounced race-spec i f ic i ty  of the FI plants of the other cross 
studied (Chapters 13 and 14).

The overal l  results are ind ica t ive  of the in te rac t ion  of both 
major and minor genes con t ro l l ing  resistance in these three crosses. 
Generally, the resul ts resemble those reported in Chapter 14, where 
transgressive segregation and par t ia l  re.cessiveness of the resistance 
t r a i t s  were observed.


